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ABSTRACT
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SCHOOL OF OCEAN AND EARTH SCIENCE
Doctor of Philosophy
VARIABILITY OF THE ATLANTIC MERIDIONAL OVERTURNING
CIRCULATION AT 26N
by Christopher Paul Atkinson
The Atlantic Meridional Overturning Circulation (AMOC) and its variability has re-
ceived considerable attention, motivated by its major role in the global climate system.
Observations of AMOC strength at 26N made by Rapid-WATCH (Rapid climate change
- Will the Atlantic Thermohaline Circulation Halt) provide our best current estimate
of the state of the AMOC. This study aims to improve understanding of ongoing mea-
surements of AMOC variability made by Rapid-WATCH, and provide context for the
5-year timeseries presently available. The Rapid-WATCH system combines Gulf Stream
transport, zonally integrated Ekman transport and mid-ocean transport observations
at 26N to assess AMOC strength. The Gulf Stream is found to possess a smooth an-
nual cycle set by regional meridional wind stress, which is obscured on a year to year
basis by internal ocean variability. Ekman transport possesses no dominant annual or
semi-annual periodicity, and the seasonal cycle is obscured on a year to year basis by
internal atmospheric variability largely related to uctuations of the Azores high and the
North Atlantic Oscillation. Sverdrup transport shows a dominant semi-annual period-
icity which is strongly persistent from year to year but not seen in Rapid-WATCH mea-
surements due to barotropic adjustment at these timescales. At interannual timescales,
Sverdrup transport variability estimated from wind stress climatologies is found to ex-
ceed that of Gulf Stream variability, suggesting AMOC uctuations of several Sverdrups
have occurred over the past 30 years, partly related to the North Atlantic Oscillation. At
decadal timescales, six hydrographic sections spread over half a century show that high
latitude deep water mass changes have consistently spread to 24N, with the DWBC
their principal conduit into the 24N section. Decadal changes in deep water trans-
port of several Sverdrups are balanced by dynamic height changes close to the western
boundary whilst water mass changes are largely density compensated.Contents
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Introduction
The Atlantic Meridional Overturning Circulation (AMOC) and its variability has re-
ceived considerable attention in the literature. This has been motivated by its central
role in the global overturning circulation, its large transport of heat to the high north-
ern latitudes, its possible role in palaeoclimate variability, and concerns that the AMOC
may weaken or even collapse in response to anthropogenic CO2 emissions. Our un-
derstanding of the AMOC, particularly its variability and causes, is a growing area of
research and far from complete. Due to the sparse nature of AMOC observations avail-
able, the extent, magnitude and origin of AMOC variability at almost every timescale
is still uncertain and model studies cannot yet be validated. Over the coming years, a
growing number of observational networks will signicantly enhance our understanding
of the AMOC, not least dedicated survey programmes such as that provided by Rapid-
WATCH (Rapid climate change - Will the Atlantic Thermohaline Circulation Halt). At
present, Rapid-WATCH provides our best estimate of the current state of the AMOC
with a focus on 26N, a latitude which historically has also provided some of our best
estimates of AMOC state.
The aim of this study is to improve understanding of ongoing measurements of AMOC
variability made by Rapid-WATCH, and where possible provide context for the 5 year
timeseries presently available. The work presented here has two main themes, each
split into two chapters. The rst theme is a detailed investigation of Ekman, Sverdrup
and Gulf Stream transport variability at 26N using the available multi-decadal records.
Ekman and Gulf Stream transports are two of the three components that Rapid-WATCH
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uses to monitor the strength of the AMOC, whilst Sverdrup transports may provide
a constraint on mid-ocean transport variability, the third component of the Rapid-
WATCH array. Chapter 2 investigates and discusses Ekman, Sverdrup and Gulf Stream
variability in the context of the AMOC. Chapter 3 presents a comparison of Ekman
and Sverdrup transports at 26N from three complementary wind stress climatologies
and assesses the reliability of these timeseries. The second theme is an assessment of
changes in the AMOC and its components over the past 50 years, motivated by a sixth
occupation of the 24N section in early 2010, and the availability of Rapid-WATCH
data to quantify seasonal and sub-seasonal variability. Chapter 4 addresses changes in
mid-ocean transports in various depth and temperature classes. Chapter 5 addresses
changes in water mass properties and their relationship to observed transport changes.
Chapter 6 discusses and summarises the main ndings of this study.
The remainder of this chapter reviews where research on the AMOC stands at present.
This begins with a brief denition of the AMOC and an overview of mean AMOC state
and its role in the climate system. The response of the AMOC to global climate change
is then addressed, beginning with future projections of AMOC strength, followed by the
possible climatic impacts of a weakening of the AMOC and whether any evidence of this
weakening has already been observed. The Rapid climate change programme is then
introduced. The chapter closes with a review of AMOC variability on sub-seasonal to
decadal timescales, which are the timescales of most relevance to ongoing Rapid-WATCH
AMOC observations. The aims of this study are then restated.Chapter 1. Introduction 3
1.1 The Atlantic Meridional Overturning Circulation
The Meridional Overturning Circulation (MOC) is dened as the zonal integral of the
full depth meridional mass or volume transport (e.g. Talley et al., 2003). The meridional
overturning streamfunction of the MOC in the Atlantic (the bottom to top vertical inte-
gral of the MOC) is shown in Figure 1.1, which clearly depicts two circulation cells. In
the lower cell, cold and fresh bottom waters of Antarctic origin ow northwards across
the equator into the low northern latitudes below depths of about 4500 metres, grad-
ually rising into the lower part of the southward owing North Atlantic Deep Water
(NADW). In the upper cell, cold and relatively saltier waters formed in the Nordic,
Irminger and Labrador Seas combine to create the NADW occupying depths of approx-
imately 1500-4500 metres. The NADW ows southward across the equator and exits
the Atlantic, returning surfaceward via diapycnal mixing processes and through deep
wind-driven upwelling in the Southern Ocean, before exchanging heat and freshwater
with the atmosphere and returning to its formation regions as warm and saline upper
ocean water. Some NADW is entrained into the Antarctic Bottom Waters (AABW) and
spreads globally in the AABW overturning cell. A schematic of the ocean circulation
associated with the global MOC is shown in Figure 1.2, with particular focus on the
Atlantic. In the North Atlantic the upper overturning cell is considerably more vigorous
(Figure 1.1), exchanging a larger volume of water between hemispheres.
The Atlantic Meridional Overturning Circulation (AMOC) shown in Figure 1.1 is one of
the global ocean's most prominent circulation systems. Some of the most accurate quan-
tications of AMOC transport in the upper (NADW) overturning cell have been made at
24N due to the relative proliferation of observations at this latitude (in turn historically
related to the availability of high quality western boundary current observations at this
location, Delworth et al., 2008). Analyses of ocean inverse models (Roemmich, 1980;
Macdonald and Wunsch, 1996; Ganachaud and Wunsch, 2000, 2003; Lumpkin and Speer,
2007), individual transoceanic hydrographic sections (Hall and Bryden, 1982; Roemmich
and Wunsch, 1985; Parrilla et al., 1994; Lavin et al., 1998; Baringer and Molinari, 1999;
Lavin et al., 2003; Bryden et al., 2005b) and continuous timeseries observations (Cun-
ningham et al., 2007; Kanzow et al., 2010) suggest a mean AMOC volume transport of
15-19 Sv (where 1 Sv = 106 m3 s 1) in the upper cell over the past 50 years. Inverse
model results based on WOCE era data (Ganachaud and Wunsch, 2003; Lumpkin and4 Chapter 1. Introduction
Figure 1.1: Atlantic meridional overturning streamfunction including Ekman trans-
port based on observational data. Hydrographic section data are indicated by vertical
lines. The maximum values of the streamfunction, and the depth at which it occurs,
species the total amount of water moving meridionally above this depth and in the
reverse direction below it. From Talley et al. (2003).
Speer, 2007) provide the most robust estimate of the recent `mean state' of the MOC
(16-18 Sv), in that they cover an analysis period of a decade (1990-2000) and have both
quantiable and relatively small uncertainties of 2-3 Sv or 10-15 % AMOC magnitude
(Delworth et al., 2008). Despite errors of  6 Sv associated with individual repeated
sections (Ganachaud, 2003), most estimates are in generally remarkable agreement at
24N, with repeat occupations at higher sampling resolution (horizontally and vertically)
revealing subtle circulation details (e.g. twin-lobed NADW structure, Lavin et al., 1998)
but not signicantly changing the overall picture. Average MOC strength is thought to
be nearly uniform throughout the Atlantic from around 20S to 50N (Ganachaud and
Wunsch, 2003; Talley et al., 2003; Lumpkin and Speer, 2007).
The conceptualisation of the AMOC in the two-dimensional latitude-depth plane forms
a useful diagnostic for inter-study comparisons, but is by denition an oversimplica-
tion of the AMOC's true three-dimensional structure. The template for our modern
understanding of the three-dimensional structure and strength of the upper and lower
limbs of the AMOC (and global MOC) was provided by Henry Stommel in a series ofChapter 1. Introduction 5
Figure 1.2: Highly simplied schematic of the global overturning circulation system.
In the Atlantic, warm and saline waters ow northward from the Southern Ocean into
the Labrador and Nordic Seas. No deepwater is formed in the North Pacic and its
surface waters are fresher. Deep waters formed in the Southern Ocean are denser than
their North Atlantic counterparts and thus spread at greater depth. Widespread zones
of mixing driven upwelling are indicated, along with wind driven upwelling along the
Antarctic Circumpolar Current. From Kuhlbrodt et al. (2007).
publications in the late 1950s and early 1960s. Schematic illustrations of the major
pathways of the AMOC, reconcilable with modern depictions such as that of Figure 1.2,
are seen in Stommel (1958) amongst other works. In the deep ocean, a deep southward
owing western boundary current is traced into the southern hemisphere from the sub-
polar seas, whilst in the upper ocean a northward ow is observed in both hemispheres
which crosses the equator, and is embedded in the horizontal and westward intensied
circulation of the wind driven gyres (Figure 1.3). An excellent review of the discovery
and quantication of the Atlantic MOC is provided by Longworth and Bryden (2007).
Whilst the essence of this AMOC structure is retained in the modern day, the paradigm
of the AMOC as a smooth conveyor of recently ventilated NADW is being increasingly
challenged, due in part to a growing understanding of the highly energetic oceanic eddy
eld and interactions with the wind eld (Lozier, 2010; de Boer, 2010). Despite an in-
creasing appreciation of the complexities of the AMOC by the physical oceanographic
community, the prevalence of the more simplied concept may be traced to the work6 Chapter 1. Introduction
Figure 1.3: Surface currents of the Atlantic Ocean. Abbreviations are used for the
East Iceland (EIC), Irminger (IC), West Greenland (WGC), and Antilles (AC) Currents
and the Caribbean Countercurrent (CCC). Other abbreviations refer to fronts. From
Tomczak and Godfrey (2003).
of Broecker and colleagues (Broecker, 1991), which used the notion of a `great ocean
conveyor belt' to stress the role of ocean circulation in climatic change. Although this
depiction of a smooth ocean circulation is now considered unrealistic, the certainty of the
overturning circulation itself, for which there is abundant evidence, is not in question.
What processes maintain the present MOC state is a subject of debate. This is partly
the result of a lack of terminological clarity, with terms such as `meridional overturning
circulation' and `thermohaline circulation' often used interchangeably and incorrectly
(Wunsch, 2002). The term thermohaline circulation is often used to refer to an over-
turning ocean circulation driven by surface buoyancy forcing. Whilst surface buoyancyChapter 1. Introduction 7
uxes and the circulation of heat and salt in the MOC help set the interhemispheric
shape and strength of the overturning cell through their eects on deepwater formation
processes (Kuhlbrodt et al., 2007), they themselves cannot provide the energy neces-
sary to drive an overturning circulation. This energy is provided by the winds and
tides which, through upwelling driven by diapycnal mixing and deep along-isopycnal
upwelling in the Southern Ocean, describes a mechanically driven circulation (Wunsch,
2002) and changes in this supply of mechanical energy could itself aect the strength
of the MOC (e.g. Toggweiler and Samuels, 1995). Visbeck (2007) neatly summarises
this concept as the `push and pull' nature of global ocean circulation dynamics, the
importance of each being perhaps a question of timescale (Delworth et al., 2008). A
summary of the driving processes of the AMOC is provided by Kuhlbrodt et al. (2007).
General Circulation Models suggest AMOC changes over the the coming decades and
centuries are mainly caused by changes in high latitude heat and freshwater uxes (Gre-
gory et al., 2005). Whilst it is this element of the AMOC that is of most interest to
climate studies, AMOC variability can also come about by purely wind driven circula-
tion (e.g. surface Ekman transport and both its barotropic and baroclinic compensation,
Jayne and Marotzke, 2001) and any other process that act to modify the zonal integral
of meridional transport (e.g. eddies impinging on the basin margins, Figure 1.11). The
attribution of AMOC variability is key to observations of changing climate (Section
1.3.2).
The Atlantic Ocean helps to mediate the imbalance in net radiation between the tropics
and the polar regions by transporting warm water from the tropical Atlantic to the
subpolar Arctic region (Visbeck, 2002). On a global scale, the combined atmospheric
and ocean circulations transport  6 PW of heat northward at  30N and a similar
amount southward at  30S (Trenberth and Caron, 2001). The MOC in the North
Atlantic is the largest ocean contributor, with a near maximum northward heat transport
of  1.1-1.3 PW at 24N (e.g. Roemmich, 1980; Bryden and Hall, 1980; Roemmich and
Wunsch, 1985; Lavin et al., 1998; Johns et al., 2011, see also Figure 1.4). This is  25%
of the total northward heat transport, which is carried by the warm surface currents;
the North Brazil Current, Guyana Current, Caribbean Current, Florida Current, Gulf
Stream and North Atlantic Current (Visbeck, 2002, see Figure 1.3), compensated by
southward owing cold deep currents. Most of the heat is released to the overlying
atmosphere north of  30N which acts to moderate the climate of northwestern Europe8 Chapter 1. Introduction
(e.g. Vellinga and Wood, 2002) via advection in the westerly winds at these latitudes.
Whilst the eect of this ocean heat transport is to warm the northern latitudes, it is
noted that other climate phenomena such as the mild Winters experienced by Europe
relative to those of eastern North America (and other places at similar latitude) can only
be explained in small part by ocean heat transport. In this case, seasonal storage and
release of heat by the ocean and the occurrence of stationary waves in the atmospheric
circulation itself are the principle forcing agents (Seager et al., 2002).
Figure 1.4: Heat transport (PW) across 25 WOCE hydrographic sections based on
inverse model solutions. From Lumpkin and Speer (2007).
At 24N in the Atlantic, studies show the AMOC carries most of the oceanic heat
transport (e.g. Roemmich, 1980; Hall and Bryden, 1982; Roemmich and Wunsch, 1985),
providing  90% of the total (Johns et al., 2011). It is suggested that the largest contri-
bution is made by the basin-scale AMOC cell that extends to the deep water formation
regions (Figure 1.2), by virtue of its  15-19 Sv circulation and the large temperature
contrast between the thermocline waters and NADW. A signicant contribution is also
made by warm surface Ekman transport and its colder return ows in the wind driven
layers of the upper ocean. The Ekman component of the AMOC heat transport at 24N
is  0.3-0.4 PW (Roemmich, 1980; Lavin et al., 1998) with the remaining  0.7-0.9 PW
attributed to warm boundary currents and their compensating cold deepwater ows.
Studies such as Hall and Bryden (1982) and Roemmich and Wunsch (1985) estimate
the wind driven gyre circulation to make a small contribution to heat transport in the
North Atlantic ( 0.1 PW), despite a circulation of comparable strength to the AMOC.Chapter 1. Introduction 9
This is based on the assumption that the wind driven circulation is horizontal in nature,
encountering small east-west temperature gradients in the thermocline relative to the
large vertical temperature gradients between the thermocline and deep waters encoun-
tered by the vertical overturning circulation. This decomposition of heat transport is
however somewhat contentious, with some studies highlighting that it doesn't account
for the fact that all circulations possess both a vertical and horizontal component (e.g.
Ferrari and Ferreira, 2011). Such studies instead suggest that a shallow wind driven
overturning circulation also makes a signicant contribution to the vertical component
of heat transport (e.g. Talley, 2003). A decomposition of model data by Boccaletti et al.
(2005) designed to identify the contribution to heat transport by dierent oceanic com-
ponents suggests that the deep circulation and the wind-driven circulation contribute
about 0.4 PW and 0.5 PW respectively to the vertical component of heat transport.
Based on climatological data, Greatbatch and Zhai (2007) also demonstrated that heat
pathways in the ocean show a surface intensication indicative of wind forcing. The
relative contribution of the deep circulation and thermocline gyres is also assessed in a
model by Ferrari and Ferreira (2011) who nd that the former contributes around 60%
of Atlantic heat transport. Interestingly, a series of sensitivity experiments by Ferrari
and Ferreira (2011) indicate that this deep heat transport is set by both the strength
and pattern of surface winds as well as deep water formation processes.
In regions such as the North Pacic, Indian Ocean and Southern Ocean, the MOC makes
a smaller contribution to the total ocean heat transport (Ganachaud and Wunsch, 2003,
Figure 1.4). In the North Atlantic however it is clear that the AMOC makes a signicant
contribution both to heat transport and in maintaining global climate. This has led to
concern over possible changes in its circulation in response to global climate change. To
date, most attention has focused on the deep water formation component which may
be vulnerable to changes in high latitude buoyancy ux. This is discussed in Section
1.2. To date, the vulnerability of the AMOC to wind driven changes has received less
attention and is not discussed in detail here.10 Chapter 1. Introduction
1.2 Response of the AMOC to global climate change
1.2.1 Future projections
A feature common to most climate model projections in response to continued green-
house gas emissions is an increase in high latitude temperature and precipitation. This
tends to make high latitude waters less dense which increases water column stability
and inhibits convection and therefore deep water formation (IPCC, 2007). Simulations
of AMOC strength from a suite of 19 coupled climate models integrated from 1850-2100
using common atmospheric CO2 and aerosol emission scenarios are shown in Figure 1.5.
Only three of the models were run using ux adjustments. Six of the models simulate a
present day AMOC strength that is inconsistent with observational estimates of around
15-19 Sv and are not used when assessing potential future AMOC changes. Simulated
late-20th century AMOC strengths generally range from 12-20 Sv (Schmittner, 2005;
IPCC, 2007), and show a reduction in strength ranging from 0-50% under future emis-
sions scenarios to 2100. A weighted mean of these model projections dependent on their
simulation of contemporary ocean climate suggests a 25% decrease in AMOC strength
can be expected over the coming century (Schneider et al., 2007). No models show
an increase in AMOC strength in response to increasing atmospheric greenhouse gas
concentrations, and no models simulate an abrupt shut-down of the AMOC in the 21st
century (IPCC, 2007). The reduction in the MOC instead proceeds on the timescale of
the forcing, as a direct response to the increase in surface buoyancy. An inter-comparison
of model simulations shows that it is the change in surface heat ux, rather than sur-
face freshwater ux, that makes the greatest contribution to AMOC reduction (Gregory
et al., 2005). The projected AMOC response may be modulated by decadal modes of
variability such as the NAO (Delworth and Dixon, 2000) or the Atlantic Multidecadal
Oscillation (Knight et al., 2005) but this should not prevent the downward trend.
Condence in AMOC projections is of course dependent on how well models reproduce
the AMOC. An inter-comparison of 14 coupled ocean-atmosphere models of various
complexity by Stouer et al. (2006) shows a 12-26 Sv range in AMOC strength and
an underestimation of heat transport due to weak overturning strengths and reduced
temperature dierences between surface and deep-waters in comparison with observa-
tions (Figure 1.6). Models with a more vigorous overturning also show a tendency forChapter 1. Introduction 11
Figure 1.5: Evolution of the AMOC at 30N from 1850-2100 for a suite of compre-
hensive coupled climate models. From 1850-1999 results are 20th century climate in
coupled models simulations, from 1999-2100 SRES A1B atmospheric CO2 and aerosol
emission scenarios are used (with forcing held constant beyond 2100). Observations of
late 20th century AMOC strength are shown. From IPCC (2007).
greater overturning variability (Stouer et al., 2006) and a greater reduction in overturn-
ing in response to CO2 emissions (Gregory et al., 2005). Simulations of climatological
temperature and salinity elds in the North Atlantic suer a variety of problems such
as hydrological cycle biases, misrepresentation of pynocline depth, misplacement of the
Gulf Stream and North Atlantic Current and unrealistic simulation of overow dynamics
leading to excessive entrainment and deep waters that are too warm (Delworth et al.,
2008). The IPCC (2007) report concludes that `it is very likely1 that the AMOC, based
on currently available simulations, will decrease', however as simulations of ocean cli-
mate develop (e.g. as grid resolution increases, Bryan et al., 2006) a change in these
projections cannot be ruled out. It is noted that fewer studies are available addressing
Southern Ocean changes, not helped by the historically sparse nature of observations.
Coupled model simulations suggest a poleward shift and strengthening of the westerlies
over the Southern Ocean (Yin, 2005; Fyfe and Saenko, 2006; IPCC, 2007) leading to
a strengthening, poleward shift and narrowing of the Antarctic Circumpolar Current,
which could lead to an AMOC intensication through the `pull' mechanism outlined in
Section 1.1. While the AMOC may take more than a century to respond fully to altered
Southern Hemisphere winds, initial eects in the North Atlantic can occur within a few
decades (Delworth and Zeng, 2008).
1In IPCC (2007) terminology, `very likely' refers to a > 90% probability12 Chapter 1. Introduction
Figure 1.6: Timeseries of AMOC intensity (Sv) and northward heat transport in the
Atlantic Ocean (PW) for control runs from a suite of 14 coupled ocean-atmosphere
models of various complexity. Solid curves denote AOGCMs, dashed curves denote
EMICs. Numbers after model names indicate long term means of AMOC intensity.
Mean values from observations are  18 Sv and 1.3 PW. Adapted from Stouer et al.
(2006)
Both palaeoclimate studies (e.g. Clark et al., 2002) and modelling studies (Manabe and
Stouer, 1997; Vellinga and Wood, 2002) suggest disruptions in the MOC can lead to
abrupt climate changes, where `abrupt' refers to the crossing of a `threshold' where the
climate system no longer changes gradually in response to gradual changes in forcing,
(Alley, 2002). The large amount of heat transported by the AMOC and its sensitivity
to surface uxes make it able to produce abrupt climatic change on decadal to centen-
nial timescales (Stouer et al., 2006). The suite of projections shown in Figure 1.5 for
the most recent IPCC report show the AMOC to be stable over the coming century,
responding more or less linearly to greenhouse gas emissions. An inter-model compar-
ison of eleven Earth system models of intermediate complexity (EMICs) shows that a
threshold may exist where the AMOC shuts down (Rahmstorf et al., 2005), though thisChapter 1. Introduction 13
has not been explored for more complex climate models (GCMs) due to high compu-
tational demands. Examinations of stabilisation scenarios in both GCMs (e.g. Stouer
and Manabe, 2003; Bryan et al., 2006) and EMICs, where typically CO2 is increased by
1%/yr to 2-4 times pre-industrial levels, show a reduction in AMOC strength followed
by a recovery to near initial strength over several centuries. This agrees with EMIC
results showing that the threshold for abrupt climate change had not been passed and
demonstrates that the transient response to surface forcing can be very dierent to the
equilibrium response (IPCC, 2007). Coupled models that do show a transient collapse in
the AMOC under global warming are usually ux adjusted GCMs or EMICs with zon-
ally averaged components which tend to be more sensitive to freshwater perturbations
(Delworth et al., 2008).
One process not generally included in model projections is meltwater release from the
Greenland ice sheet (Kuhlbrodt et al., 2009). Global sea level rise from 1993-2003
resulting from mass loss from the Greenland ice sheet is estimated at 0.21  0.07 mm
yr 1 (IPCC, 2007). Satellite gravity observations suggest an acceleration in ice loss over
the period 2002-2006 corresponding to a sea level rise of 0.5  0.1 mm yr 1 (Velicogna
and Wahr, 2006), with ice loss acceleration continuing through 2010 (e.g. Velicogna,
2009; Schrama and Wouters, 2011). This equates to a freshwater forcing < 0.006 Sv
(Delworth et al., 2008), too small to aect the MOC (Jungclaus et al., 2006) even if
retained entirely in the northern North Atlantic. Ridley et al. (2005) nd a peak melting
rate of 0.1 Sv for the Greenland ice sheet when atmospheric greenhouse gas is elevated
to 4 times pre-industrial levels. A comparison of 14 coupled model responses to a 0.1 Sv
freshwater input to the northern North Atlantic showed an ensemble mean weakening
of the AMOC of 30% after 100 years but no abrupt shutdowns of the AMOC (Stouer
et al., 2006). The response of the AMOC could be sensitive to the location of freshwater
forcing, with greatest changes taking place when deepwater formation regions are forced
directly (Smith and Gregory, 2009). In combination with an enhanced greenhouse gas
scenario, Jungclaus et al. (2006) applied an  0.1 Sv freshwater forcing to the Greenland
coast and found that weakening of the AMOC was enhanced over the coming century
by  10% (relative to a weakening of 30% for just a warming scenario) with no abrupt
shutdown and a subsequent return in strength. Kuhlbrodt et al. (2009) note that present
changes in freshwater input to the Northern Atlantic from Eurasian rivers, sea ice loss
and melting of the Greenland ice sheet are not well constrained, but early estimates14 Chapter 1. Introduction
amount to  25% of the 0.1 Sv freshwater forcing seen as critical to AMOC stability
in model and palaeoclimate studies. Estimates of changes in river runo from North
America and increasing precipitation over the northern Atlantic are missing. The lack of
observations of the global hydrological cycle restricts the evaluation of its representation
in climate models (Pardaens et al., 2003). IPCC (2007) nd it `very unlikely2' that the
AMOC will undergo an abrupt transition during the 21st century, however the complete
set of climate drivers of the AMOC, the magnitude of the climate factors causing the
AMOC to weaken, and the feedbacks and restoring factors aecting AMOC stability are
all uncertain at this time (IPCC, 2007; Kuhlbrodt et al., 2009). This has led to widely
diering views on the extent of AMOC changes over the coming century (Zickfeld et al.,
2007).
AMOC strength (given as the zonal integral of the full depth meridional transport,
Figure 1.5) is not necessarily a comprehensive diagnostic for describing the response of
ocean circulation to climatic change. Some model projections at various resolutions sug-
gest a cessation of Labrador Sea convection, but only small changes in AMOC strength
(Wood et al., 1999; Schweckendiek and Willebrand, 2005; IPCC, 2007). Interestingly,
no analog for active LSW formation exists throughout the last glacial cycle (Delworth
et al., 2008). Reorganisations and reductions of convective activity in the Nordic Seas,
with associated regional climate changes, have also been described in response to cli-
mate warming (e.g. Schaeer et al., 2002, 2004; Bryan et al., 2006; Jungclaus et al.,
2006). 21st century projections of the AMOC have been tied to hydrographic condi-
tions in the Nordic Seas, with heat and freshwater ux changes over the subpolar North
Atlantic mainly inuencing interannual-decadal AMOC variability (Schweckendiek and
Willebrand, 2005). The response in the Nordic Seas may be a delicate balance of river
runo, sea ice processes and the advection of saline waters (IPCC, 2007). Sensitivity
of convection and deepwater formation processes in the Labrador and Nordic Seas to
natural surface forcing has also been suggested in a variety of studies (e.g. Dickson et al.,
1996; Eden and Willebrand, 2001).
2In IPCC (2007) terminology, `very unlikely' refers to a < 10% probabilityChapter 1. Introduction 15
Figure 1.7: Change in surface air temperature during years 20-30 after the collapse
of the thermohaline circulation. As seen in the ocean-atmosphere general circulation
model HadCM3, induced by freshwater forcing in the North Atlantic. From Vellinga
and Wood (2002).
1.2.2 Climate impacts of a weakened AMOC
The impacts of a change in the AMOC have mostly been documented in modelling
studies where the AMOC is weakened either articially through freshwater forcing or as
a response to anthropogenic greenhouse gas forcing. A collapse in the AMOC eliminates
its northward heat transport and associated heat release in the North Atlantic, and a
reduction in surface air temperatures up to 8C locally in the North Atlantic region and
1-2 C on average throughout the Northern Hemisphere has been suggested (Vellinga and
Wood, 2002, see also Figure 1.7). A collapse of the AMOC under greenhouse gas forcing
scenarios leads to a reduction in warming over Europe (Gregory et al., 2005; Stouer
et al., 2006). The impacts of an AMOC collapse can depend on the background state of
a model, e.g. under greenhouse warming conditions Arctic cooling is reduced due to less
sea ice and a reduced ice-albedo feedback relative to an AMOC collapse simulated under
pre-industrial conditions (Vellinga and Wood, 2008). During an AMOC slowdown, heat
ux to the Arctic may increase, leading to accelerated regional warming and sea ice
melting (Hu et al., 2004).
Another common impact of AMOC weakening in models is a southward shift of the ITCZ
in the tropical Atlantic and eastern tropical Pacic of order several degrees latitude (with
associated warming of SST) and shifts in tropical rainfall patterns (Vellinga and Wood,16 Chapter 1. Introduction
2002; Stouer et al., 2006). This compensates the northward shift of the ITCZ due to
global warming (Vellinga and Wood, 2008). In the Northern Hemisphere midlatitudes,
a weakening of the AMOC leads to reduced precipitation, as cold air holds less water
vapour (Vellinga and Wood, 2002; Stouer et al., 2006), though the amount and duration
of snow cover over western European high ground may increase (Vellinga and Wood,
2002). This reduction in precipitation exceeds increased precipitation due to climatic
warming, however drying over Central America and South America may be exacerbated
(Vellinga and Wood, 2008). A deepening of the Icelandic low, strengthening of the
Azores high and intensication of the North Atlantic storm track are also predicted
during a shutdown of the AMOC, consistent with larger meridional SST gradients over
the North Atlantic (Vellinga and Wood, 2002; Brayshaw et al., 2009). This is associated
with stronger westerly ow into Europe, a northward shift and extension of the storm
track over Europe, and an increase in the number of storms (Brayshaw et al., 2009). A
change in the AMOC could also modify other drivers of large-scale climate variability
such as the NAO (Brayshaw et al., 2009) or ENSO (Timmermann et al., 2007), result
in regional sea level changes of order cm's to 10's of cm's (Levermann et al., 2005;
Vellinga and Wood, 2008; Kuhlbrodt et al., 2009) and modify sea ice extent (Vellinga
and Wood, 2002, 2008) leading to abrupt transitions in sea ice cover (Delworth et al.,
2008). Kuhlbrodt et al. (2009) also discussed the impacts of an AMOC shutdown on
ecosystems, sheries and agriculture, noting the mostly illustrative nature of any such
climate predictions owing to large uncertainties in our present understanding.
Records of the climatic impact of AMOC changes during glacial periods and observations
of the impacts of AMOC changes during the instrumental era also point to robust, global-
scale eects of AMOC changes on the climate system (Delworth et al., 2008). In the
instrumental record, the observed detrended 20th century multidecadal SST anomaly
averaged over the North Atlantic (often termed the Atlantic Multidecadal Oscillation)
is highly correlated with multidecadal variations of tropical North Atlantic SST and has
been linked to AMOC uctuations of several Sverdrups (Knight et al., 2005; Latif et al.,
2006; Delworth et al., 2008, see also Figure 1.8). Consistent with model predictions, a
weakened AMOC is observed to cool the North Atlantic, leading to a southward shift of
the ITCZ. This is associated with drying in the Caribbean, the Sahel region of Africa, and
the Indian and Asian monsoon regions. Other observed impacts include modulation of
the Walker circulation and associated air-sea interactions in the Pacic basin, changesChapter 1. Introduction 17
Figure 1.8: Linear trend in SST (C century 1) observed during the period 1980-
2004. Global mean trends are removed to highlight dynamical changes in the presence
of global warming. A clear interhemispheric dipole is seen in the Atlantic, which can
be used to detect multidecadal AMOC variability. The two boxes shown are used to
dene an dipole SST anomaly (AMOC) index, (shown embedded as an 11-year running
mean, thick line, along with the DJFM NAO index, shaded). Adapted from Latif et al.
(2006).
in Atlantic hurricane activity, possible impacts on North American drought, and an
imprint on hemispheric mean surface air temperatures (Delworth et al., 2008).
1.2.3 Has a weakening of the AMOC been observed in the 20th
century?
Whether the AMOC has already changed in response to CO2 emissions over the past
century has not been condently assessed using the observations of AMOC transport,
water mass properties and water mass formation that are available. This is partially
due to decadal variability and partially due to inadequate long term observations (IPCC,
2007). Bryden et al. (2005b) concluded that the AMOC transport at 25N has weakened
by 30% from 1957-2004, however this result has been questioned in the light of unsampled
high-frequency variability (Cunningham et al., 2007; Kanzow et al., 2010) and a lack of
direct current measurements. Inverse calculations based on a repeatedly occupied section
at 48N show no evidence of a similar decline in AMOC strength during the 1990s, with18 Chapter 1. Introduction
variability approaching  3 Sv (Lumpkin et al., 2008). Measurements of the Greenland-
Scotland ridge overows exhibit considerable variability (Macrander et al., 2005) and
no long-term trend has been discerned (Olsen et al., 2008). Decadal DWBC transport
variability observed downstream of the overows in the Irminger Sea also shows no trend,
and does not correlate with observed variability at the overows (Sarafanov et al., 2009).
Observed freshening of the NADW over the past 40 years (Dickson et al., 2002; Curry
et al., 2003; IPCC, 2007) that might imply a weakening of the AMOC (Stouer et al.,
2006) in response to an acceleration of Earth's hydrological cycle (Curry et al., 2003;
Durack and Wijels, 2010; Helm et al., 2010) may be due to natural variability (Pardaens
et al., 2008; Stott et al., 2008) such as changes in state of the NAO. Furthermore,
a salinication of the surface waters feeding the AMOC has recently been observed
(Hatun et al., 2005; Sarafanov et al., 2007, 2010b). Changes in Labrador Sea convection
may also cause changes in the AMOC via enhanced deep water formation. Labrador
Sea convection was strong from the 1970s to mid-1990s but thereafter the Labrador sea
warmed and re-stratied (Yashayaev, 2007). Direct current measurements at the exit of
the sub-polar North Atlantic have shown no deep water transport trend from the mid-
1990s through the 2000s despite a contemporaneous warming trend that may be expected
to accompany reduced deep water ow (Schott et al., 2006; Fischer et al., 2010). Based
on SST patterns, it has been concluded that the AMOC may have increased naturally by
around 10% from the 1970s to 1990s (Knight et al., 2005; Latif et al., 2006) in response
to NAO forced changes in Labrador Sea convection (Latif et al., 2006), with no evidence
for a sustained weakening, see Figure 1.8. Estimates of the AMOC at 41N based on
altimeter and ARGO oat data suggest an increase in AMOC strength during the 1990s
of a few Sverdrups (Willis, 2010). At present, no coherent evidence for a trend in mean
AMOC strength has been found in the modern instrumental record (IPCC, 2007). Some
evidence exists for abrupt climate oscillations in the palaeo-climate records that may be
linked to changes in ocean circulation such as the Younger Dryas and the 8.2 ka cold
event (Clark et al., 2002; IPCC, 2007).
Ocean state estimation models oer an opportunity to determine ocean circulation over
the last fty or so years. This is a relatively new method of analysis and uncertainties
in ocean reanalyses are expected to reduce as the quality of assimilation methods, ocean
model and atmospheric reanalyses improves (Balmaseda et al., 2007). Progress in thisChapter 1. Introduction 19
Figure 1.9: AMOC strength at 26N (Sv) from the ECMWF operational ocean reanal-
ysis. Time evolution of the AMOC for both ORAS3 (black, assimilating ERA40/OPS
surface uxes, vertical temperature and salinity proles, and altimeter data) and ORA-
nobs (blue, using only surface uxes) are shown. Over-plotted are annual mean AMOC
values from hydrography (red, Bryden et al., 2005b) and Rapid (green, Cunningham
et al., 2007). Note that both ORAS3 and ORA-nobs use identical spin-up, relaxation
to SST and 3D climatology. Note also that historical salinity data are scarce and only
with ARGO (2000 onward) is near-global coverage of salinity observations available.
From Balmaseda et al. (2007)
area is fostered by the International Climate Variability and Predictability Global Syn-
thesis and Observations Panel (Delworth et al., 2008). Several early attempts to diagnose
past ocean circulation and the AMOC are now available, particularly at 26N (e.g. Wun-
sch and Heimbach, 2006; Balmaseda et al., 2007; Cabanes et al., 2008; Delworth et al.,
2008; Koehl and Stammer, 2008). An analysis of the ECMWF operational ocean re-
analysis (Balmaseda et al., 2007) indicated that assimilation of all available observations
(including altimeter and subsurface prole data) signicantly improves model estimates
of AMOC strength (Figure 1.9). Present estimates of AMOC trends from ocean state es-
timation models suggest a decrease in AMOC strength of 2-4% per decade for the period
1959-2006 (Balmaseda et al., 2007), a weakening of the AMOC of -0.19 +/- 0.05 Sv yr 1
from 1992-2004 (Wunsch and Heimbach, 2006), a 2 Sv increase from 1962-2001 (Koehl
and Stammer, 2008) and no signicant trend for the period 1962-2002 derived from an
ensemble average of three state estimation models (Delworth et al., 2008). Interannual
AMOC variations of 2-4 Sv are suggested (Figure 1.9, Balmaseda et al., 2007; Delworth
et al., 2008). Whilst no consistent AMOC trend emerges from these modelling eorts20 Chapter 1. Introduction
(and indeed short, decadal length records may suer from spin-up problems, Koehl
and Stammer, 2008), both Wunsch and Heimbach (2006) and Balmaseda et al. (2007)
emphasise the large, high-frequency uctuations in estimated AMOC strength and the
potential for their uctuations to be aliased into low-frequency changes if sampling is
infrequent.
Based on the available observations and their uncertainties, it is very likely that up
to the end of the 20th century the MOC was changing signicantly at interannual to
decadal timescales (IPCC, 2007). In the early 21st century it is now clear that to detect
changes in the AMOC (and for reanalysis of ocean state and initialisation of AMOC
forecasts), continued improvement of the network of ocean observations is necessary.
Globally, capacity to observe the oceans has been signicantly enhanced by the advent of
satellite observations and the ARGO network, however direct and targeted observations
of major Earth systems components such as the AMOC is also necessary to improve our
understanding of ocean circulation.
1.3 Rapid climate change
1.3.1 The Rapid climate change programme
Rapid Climate Change was a multi-million pound, six year programme (2001-2008) of
the Natural Environmental Research Council (http://www.noc.soton.ac.uk/rapid/
rapid.php). The programme aimed to improve predictions of future rapid changes in
climate with a focus on the MOC in the Atlantic Ocean. Central to the programme
was the design of a system to continuously monitor the strength and structure of the
MOC in the North Atlantic. In 2004 the Rapid array was implemented at 26.5N to
meet this objective. The Rapid array combines Ekman transport estimated from wind
stress, Gulf Stream transport measured by cable in the Florida Straits, and mid-ocean
geostrophic transports calculated from moored temperature, salinity and current sensors
at the basin margins (Cunningham et al., 2007; Kanzow et al., 2007, 2010). 26.5N was
chosen because it is the latitude at which ocean heat transport approaches a maximum
in the Atlantic, because the strong, northward owing western boundary current is
conned almost entirely within the Florida Straits, and because the bathymetry of the
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measured almost continuously since 1982 through calibration of electric currents induced
in submerged telephone cables by the ow of the Florida Current through the Earth's
magnetic eld (Larsen, 1992; Meinen et al., 2010). The novel element of the Rapid
array is the ongoing shipboard deployment and recovery of moored instruments east of
the Bahamas, west of the African coastline, and astride the Mid Atlantic Ridge, which
through geostrophy provide continuous measurements of the (mostly) southward mid-
ocean ow. Interannual changes in AMOC strength can now be monitored at 26.5N with
a resolution of 1.5 Sv (Cunningham et al., 2007). This monitoring eort has continued
in the follow-on programme Rapid-WATCH (Rapid climate change - Will the Atlantic
Thermohaline Circulation Halt, http://www.noc.soton.ac.uk/rapid/rw/). Rapid-
WATCH builds on Rapid to deliver a decade long (2004-2014) timeseries of observations
of the AMOC. The Rapid array is central to this programme and combined with other
data sources will be used to determine and interpret recent AMOC changes, assess the
risk of AMOC driven climate change, and investigate the potential to predict AMOC
variability and its impacts on climate.
1.3.2 AMOC variability and Rapid-WATCH
Our ability to detect future changes in the AMOC depends critically on our knowledge of
AMOC variability arising from natural causes (Delworth et al., 2008). The detection and
attribution of AMOC changes will rely on an understanding of natural AMOC variability,
particularly on the interannual to multi-decadal timescales of most interest in climate
studies. At present, a 5 year timeseries of AMOC variability is available at 26.5N
from the Rapid-WATCH array, oering an unprecedented view of AMOC variability at
seasonal and subseasonal timescales. Whilst understanding this short term variability is
itself of scientic merit in studies of regional climate variability or for model-observation
validations, it is the detection and attribution of longer term variability that is of greatest
interest to Rapid-WATCH.
As would be expected given an incomplete understanding of the mean AMOC state (Sec-
tion 1.1), at present our understanding of AMOC variability is also limited. However,
through dedicated observation networks such as Rapid-WATCH, ARGO and satellite
remote sensing, and increasingly sophisticated and dedicated eorts in the modelling
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are at present vital to investigations of AMOC variability due to the sparse nature of
observations currently available, however the measurements of the AMOC that are avail-
able are in turn vital for the validation of ocean models which do not yet satisfactorily
simulate the mean AMOC state (Section 1.2). Most studies of AMOC variability con-
centrate on the North Atlantic ocean, often with an emphasis on 26.5N prompted by
the suggestion by Bryden et al. (2005b) of a 30% slowdown of the AMOC over the last
fty years and the detailed AMOC timeseries available since 2004 from Rapid-WATCH.
So far, studies of AMOC variability broadly suggest that on sub-interannual timescales
AMOC variability is localised to gyre or synoptic scale and related to regional wind
forcing and internal ocean dynamics. On interannual and longer timescales, AMOC
variability is thought to occur at gyre to basin scale, responding to uctuations in large
scale atmospheric patterns and changes in deep water formation, more in line with tradi-
tional expectations of an `ocean conveyor belt'. Doubts over the basinwide coherency of
AMOC uctuations (particularly on sub-decadal timescales) has led to challenges of the
notion that the AMOC acts as a continuous conveyor of warm upper ocean water north-
ward, varying coherently throughout the Atlantic in response to changing rates of high
latitude deep water formation (Lozier, 2010). As noted in Section 1.1, this paradigm
can be traced to palaeoclimate studies (Broecker, 1991) on whose longer timescales it
is most relevant and for which various lines of evidence are observed (Ganopolski and
Rahmstorf, 2001; IPCC, 2007; Delworth et al., 2008). This study concentrates on the
sub-seasonal to multi-decadal timescales of most relevance for interpreting and giving
context to Rapid-WATCH observations.
1.4 Natural variability of the North Atlantic Meridional
Overturning Circulation on sub-seasonal to decadal
timescales
1.4.1 Sub-seasonal and seasonal AMOC variability
On sub-seasonal to seasonal timescales, model studies show that Ekman transports
and their barotropic compensation make a signicant contribution to AMOC variability
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2007). The contribution is largest in the tropical latitudes where the maximum of the
overturning stream function for AMOC variability is seen to shallow toward the sur-
face (Figure 1.10). This is due to strong zonal wind stress uctuations associated with
seasonal migration of the ITCZ (Hirschi et al., 2007). On subseasonal and seasonal
timescales, a signicant fraction of AMOC variability in models is also due to changes of
the density eld in the upper ocean, reecting perturbations of isopycnal structure that
travel westward as Rossby waves and arise through surface forcing or baroclinic insta-
bility (Boning et al., 1991; Kohl, 2005; Koehl and Stammer, 2008; Hirschi et al., 2007,
Figure 1.11). AMOC transport variability in the North Atlantic at sub-seasonal to sea-
sonal timescales amounts to several Sverdrups RMS with variability generally decreasing
moving northwards mostly due to diminished baroclinic variability (Figure 1.10). Some
baroclinic closure of Ekman transport variability is observed in the tropical latitudes
on seasonal timescales (Sime et al., 2006; Hirschi et al., 2007), occuring in the mid-
latitudes at interannual and longer timescales (Jayne and Marotzke, 2001; Sime et al.,
2006). Large barotropic variability over sloping topography that projects strongly onto
the AMOC (associated with instability of western boundary currents on the continen-
tal shelf) can also make a signicant contribution to AMOC variability on subseasonal
to interannual timescales and can seriously compromise hydrographic observations of
AMOC variability that don't take account of reference velocity variability (Sime et al.,
2006; Hirschi et al., 2007).
At 26N, evidence of barotropic Ekman transport compensation has been observed by
Rapid-WATCH on sub-seasonal timescales (Kanzow et al., 2007). In agreement with
model predictions, density eld gradients also makes an important contribution to sub-
seasonal and seasonal Rapid-WATCH variability, with variations in the density eld
close to the African margin (driven by Ekman pumping) making the greatest contribu-
tion to the AMOC seasonal cycle (Kanzow et al., 2010; Chidichimo et al., 2010, Figure
1.12). Gulf Stream transport variability and its barotropic compensation close to the
continental margin (Bryden et al., 2009) also make a signicant contribution to AMOC
variability at 26N (Figure 1.12). Observations of the AMOC at 26N are not domi-
nated by the eddy eld as had been predicted (Wunsch, 2008) due to the diminishment
of upper ocean eddy activity from nearly 11 Sv RMS 500 Km oshore of the Bahamas
to 3 Sv RMS close to the western margin (Kanzow et al., 2009). Evidence of westward
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Figure 1.10: Standard deviations obtained from monthly averages of output from
an eddy-permitting numerical ocean model forced with NCEP surface uxes (1985-
2003) for (a) the AMOC, (b) the thermal wind (baroclinic) contribution (c) the Ekman
transport and its barotropic compensation contribution. Contour interval is 1 Sv. From
Hirschi et al. (2007).
(Halliwell et al., 1991a) and SSH data (Bryden et al., 2009; Kanzow et al., 2009). High
frequency, subseasonal variability is also observed to dominate DWBC measurements
o the Bahamas and Newfoundland (Lee et al., 1996; Schott et al., 2006; Johns et al.,
2008). At 26N this has been partly attributed to westward propagating Rossby waves
that develop on the subtropical convergence zone front east of 71W (Lee et al., 1996).
It is noted that barotropic variability associated with the topographic Sverdrup balance
makes a signicant contribution to DWBC and Antilles Current variability east of the
Bahamas at 26N (Lee et al., 1996) but does not signicantly project on AMOC variabil-
ity. The seasonal cycle of the Gulf Stream at this latitude is thought set by downstream
wind forcing owing to topographic blocking (Anderson and Corry, 1985b,a).
The meridional coherence of AMOC uctuations on sub-interannual periods is not yetChapter 1. Introduction 25
Figure 1.11: A conceptual model for Rossby wave induced variability of the AMOC.
Rossby waves forced by surface uxes propagate westward, leading to basin wide density
gradient variability (and therefore geostrophic transport variability) where wave eects
are out of phase at the western and eastern boundaries. From Hirschi et al. (2007).
Figure 1.12: Power spectra for the AMOC and its components as measured by the
Rapid-WATCH array at 26.5N, April 2004-April 2008. Shown are the AMOC vertical
stream function maximum (	MAX, red), Gulf Stream transport in the Straits of Florida
(blue), Ekman transport zonally integrated across 26.5N (black) and upper mid ocean
transport (between the Bahamas and Africa, purple). Power spectra for Gulf Stream
and Ekman transport timeseries (available over a longer period) are also shown. From
Kanzow et al. (2010).26 Chapter 1. Introduction
clear and has been mostly assessed in models. Studies using idealised two-layer models
have shown that Kelvin and Rossby waves generated by high latitude transport uctu-
ations can aect the basinwide AMOC on timescales of less than a year (Kawase, 1987;
Johnson and Marshall, 2002). Some evidence of such rapid boundary wave propaga-
tion has been observed in ocean models of greater complexity (Roussenov et al., 2008).
Fluctuations of Gulf Stream transport at 26.5N may possess a remote wave origin (An-
derson and Corry, 1985b; Greatbatch and Goulding, 1989; Fanning et al., 1994) though
this result is sensitive to model parametrisation (Gerdes and Wubber, 1991). Other
model studies highlight adjustment of the AMOC on advective timescales (Hawkins and
Sutton, 2008) which could facilitate predictability of low latitude AMOC variability. The
speed at which the AMOC adjusts to high latitude anomalies may however be dependent
on model resolution (Getzla et al., 2005), with ner resolution models allowing faster
basinwide adjustment through better representation of boundary wave dynamics. On
interannual and shorter timescales, coherence between the low and high latitudes has
been shown to break down in models, with underlying decadal AMOC changes south of
 40N obscured by higher frequency, local processes (Bingham et al., 2007). Whilst
wave signals from higher latitudes are likely present in subtropical latitudes, these ap-
pear swamped by local signal noise and are hard to detect in model data (Hirschi et al.,
2007). A further factor limiting basinwide coherence in model studies is that high lati-
tude AMOC anomalies, of Labrador and Nordic Sea origin, appear to propagate slowly
in the subpolar gyre, on a timescale of several years (e.g. Eden and Willebrand, 2001;
Boening et al., 2006; Biastoch et al., 2008; Koehl and Stammer, 2008; Zhang, 2010).
This introduces an inherent lag and timescale of coherence with the low latitudes. On
exiting the subpolar gyre, high latitude AMOC signals in models are seen to accelerate,
with the subtropical gyre adjusting rapidly to high latitude DWBC signals (e.g. Get-
zla et al., 2005; Boening et al., 2006; Biastoch et al., 2008; Koehl and Stammer, 2008;
Zhang, 2010).
Some observational evidence of rapid boundary wave propagation has been found in sea
surface height data (Hughes and Meredith, 2006). Coherence between Rapid-WATCH
observations and AMOC observations at 41N derived from altimetry and ARGO oat
data has not been observed (Willis, 2010). The boundary wave AMOC adjustment in
the subtropical gyre predicted by several model studies may also be complicated by a
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was recently discovered using subsurface RAFOS oats (Bower et al., 2009). Waters
of Labrador Sea origin are observed to take around 10 years to reach 26.5N (Molinari
et al., 1998), whilst overow waters spread spread to 43N in around 4 years (Stramma
et al., 2004). AMOC coherence related to boundary wave propagation on sub-seasonal
timescales has not yet been observed. It is emphasised that the coherence of AMOC
uctuations related to Ekman transport variability (forced in-situ by changes in zonal
wind stress) are inherently gyre, or sub-gyre, in scale.
1.4.2 Interannual and decadal AMOC variability
On interannual to decadal timescales, an absence of observational data means much of
our understanding of AMOC variability relies on models. Many model hindcasts which
use surface forcing based on atmospheric reanalysis data have suggested a main factor
determining AMOC variability on interannual and especially decadal timescales is the
intensity of deep wintertime convection in the Labrador Sea (e.g. Hakkinen, 1999; Eden
and Willebrand, 2001; Boening et al., 2006; Biastoch et al., 2008). This appears mainly
linked to large scale atmospheric conditions, particularly the heat uxes associated with
the NAO (e.g. Hakkinen, 1999; Eden and Willebrand, 2001). Model studies suggest
a decadal AMOC enhancement of order 2-4 Sv in response to a positive NAO state,
decaying to 1-2 Sv outside the subpolar gyre (e.g. Hakkinen, 1999; Eden and Willebrand,
2001; Boening et al., 2006; Biastoch et al., 2008, Figure 1.13). A common feature of
model hindcasts forced by atmospheric reanalyses is an increasing multi-decadal AMOC
trend from the 1960s to a mid-1990s maximum, consistent with an increasing trend in
the NAO index over this period. At interannual to decadal timescales, subpolar gyre and
AMOC intensity appear correlated in models (e.g. Boening et al., 2006; Balmaseda et al.,
2007) which may indicate a role for wind-stress variability (Boening et al., 2006; Biastoch
et al., 2008). Some recent ocean state reanalysis models (which assimilate surface uxes,
altimetry and subsurface data, providing a self-consistent model-observational record)
have suggested that AMOC variability at decadal timescales may not be related to
NAO driven changes in LSW convection (Balmaseda et al., 2007; Koehl and Stammer,
2008). Instead it is suggested that changes in AMOC strength may be inuenced by
southward communication of density anomalies along the western boundary related to
NAO driven changes in the Denmark Strait overow (with a lead time of  5 years
between Denmark Straits over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Based on model sensitivities of the AMOC to changes in potential density of the Denmark
Strait overow, Latif et al. (2006) suggested that the density changes observed at the
overows should result in a gradual weakening of the midlatitude AMOC of  1 Sv.
This is consistent with other model studies that suggest a freshening of the overow
waters results in a decreased AMOC and overow transport (Stouer et al., 2006), but
opposite to suggestions of an increase in overow transport (Koehl and Stammer, 2008)
that may relate to wind stress curl variations associated with the NAO (Biastoch et al.,
2003).
The response of the AMOC to buoyancy forcing and changes in sub-Arctic deep water
formation is sensitive to processes that are dicult to capture in model simulations.
As noted in Section 1.2, ocean models struggle to accurately represent the observed
mean state of the AMOC. Problems of particular concern for AMOC variability include
exchanges between deep-water formation sites and the boundary currents (e.g. Chanut
et al., 2008), equatorward propagation of signals along the western boundary which help
determine the timescale of AMOC coherence (as discussed in Section 1.4.1, Getzla
et al., 2005), and the representation of the outows of dense waters from the Nordic
Seas (e.g. small scale entrainment processes, Girton and Sanford, 2003). The latter
accounts for  1/3 of the deep water formation and it is thought that long term trends
in the AMOC could be linked to changes in the Nordic water masses (Schweckendiek
and Willebrand, 2005). Nordic seas dense waters may also act to stabilise the AMOC in
response to LSW formation changes as seen in some models (Doscher and Redler, 1997;
Wood et al., 1999). A correct representation of overow processes is critical to AMOC
model studies.
As stated above, a lack of observational data makes it dicult to verify model predictions
of the AMOC response to changes in sub-Arctic deep water formation. Variations in
the hydrographic properties of the subpolar North Atlantic resulting from changes in
convective activity are well established (e.g. Yashayaev, 2007; Yashayaev et al., 2007,
Figure 1.14) and a cooling and freshening trend from the 1960s to the mid-1990s is
broadly observed (switching to a warming and salinifying trend in the late 1990s and
2000s) which has been linked to the NAO (Dickson et al., 1996). Tracer data has
revealed the spreading of Labrador Sea Water along the DWBC to 26N (Molinari
et al., 1998) and into the interior subtropical ocean (Curry et al., 1998) on decadal
timescales. Measurements of Greenland-Scotland over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Figure 1.13: Spatial structure of interannual thermohaline (top left panel) versus wind
driven (top right panel) AMOC changes, illustrated by the 1976-1972 streamfunction
dierence (Sv) from a medium resolution (1/2) global ocean-ice model forced with
realistic surface uxes (based on ECMWF and NCEP). For thermohaline changes, only
heat and freshwater uxes are allowed to vary, for wind driven changes only surface
wind forcing is allowed to vary. The bottom panel shows the standard deviation of
interannual AMOC variability from a basin scale ocean model run at 1/12 (eddy
resolving, gray line) and 1/3 (black solid line) resolution and the same 1/3 ocean
model run only allowing heat ux variability (black dashed line). Mid-latitude AMOC
hindcast simulations can be understood as the approximately linear superposition of
decadal and longer thermohaline signals, and higher-frequency wind-driven variability.
Adapted from Biastoch et al. (2008)
a forty year freshening trend from the mid-1950s to the mid-1990s (Dickson et al.,
2002; Curry et al., 2003; IPCC, 2007, Figure 1.15). The cooling and freshening of the
overows reversed in the mid-1990s (possibly as a result of an NAO driven change in the
contribution of subpolar/subtropical water to entrainment south of the Iceland-Scotland
ridge), spreading to the Labrador Sea with a 4-5 year propagation time (Sarafanov et al.,
2007, 2010b).
Few observations of the long term dynamical response to these water mass changes
are available. Hakkinen and Rhines (2004) used SSH, current meter and hydrographic
data to identify declining sub-polar circulation in the 1990s driven by buoyancy forcing,
however a recent intensication in circulation has been observed (Dengler et al., 2006;30 Chapter 1. Introduction
Figure 1.14: Time series of salinity (upper panel) and potential temperature (lower
panel, C) in the central Labrador Sea from 1949-2005. Dashed lines are contours of
potential density (kg m 3, dierence from 1000 kg m 3). From IPCC (2007)
Sarafanov et al., 2010b) despite low net heat ux and weak deep convection in the
Labrador Sea. An increase in DWBC transport at  53N in the Labrador Sea from
1996-2003 is consistent with an increase observed in the Irminger Sea since the mid-1990s
(Sarafanov et al., 2009). Increased transport in the 2000s was also found by Han et al.
(2010) at 56N, who imply a weak barotropic response to the NAO via wind stress curl.
Near the deep AMOC limb exit of the Labrador Sea, Fischer et al. (2010) found no trend
in transport for the period 1997-2009 despite a warming trend of 0.05C/yr, somewhat
consistent with Schott et al. (2006) who found a similar warming trend since 2001 in the
DWBC LSW core at 43N, but no change in DWBC transport east of the Grand Banks
from 1993-2005. Based on observations it is not yet clear how LSW transport relates to
total NADW transport and AMOC variability (Dengler et al., 2006).Chapter 1. Introduction 31
Figure 1.15: Meridional section of dierences in salinity of the Atlantic Ocean (along
the western side) for the period 1985 to 1999 minus 1955 to 1969. Contours are the
mean salinity elds along each section showing the key features. Salinity dierences are
dierences along isopycnals mapped to pressure surfaces. Water masses are Antarctic
Intermediate Water (AAIW), North Atlantic Deep Water (NADW), Mediterranean Wa-
ter (MW), Labrador Sea Water (LSW) and Denmark Strait Overow Water (DSOW).
Shaded areas represent the seaoor. Adapted from IPCC (2007)
Observations of DWBC transport variability along the East Greenland slope shows
decadal variability of order  2-2.5 Sv with minima in the 1950s and mid-1990s, maxima
in the early 1980s and mid to high values in the 2000s (Bacon, 1998; Kieke and Rhein,
2006; Sarafanov et al., 2009). However, decadal transport variability in the Irminger
Sea does not clearly correlate to variability at the overows (Olsen et al., 2008), the
NAO (Kieke and Rhein, 2006) or Nordic Sea Winter severity (Sarafanov et al., 2009), as
suggested by other studies (e.g. Dickson et al., 1996; Bacon, 1998). An anticorrelation of
DWBC transport with Labrador Sea Water production has been observed (Koltermann
et al., 1999; Marsh, 2000; Sarafanov et al., 2009) but is not necessarily causative. It
is not yet possible to reconcile observations of the relationships between variability of
sub-polar deep water formation, the Greenland-Scotland overows and the AMOC with
model predictions. It is noted that an increase in AMOC strength of several Sverdrups
inferred from SST anomaly patterns from the 1960s-1990s (Latif et al., 2006, Figure 1.8)
is consistent with model predictions of an increase in AMOC strength over this period.
At interannual and longer timescales, model studies have suggested that local Ekman32 Chapter 1. Introduction
transport makes a smaller contribution to AMOC variability than at sub-seasonal and
seasonal timescales (e.g. Sime et al., 2006; Hirschi et al., 2007; Koehl and Stammer,
2008). However, variability at interannual and longer timescales in models is not nec-
essarily related to basinwide modes of variability driven by changes in sub-Arctic deep
water formation. Koehl and Stammer (2008) suggested the inuence of density anomalies
propagating along the southern edge of the subtropical gyre associated with baroclini-
cally unstable Rossby waves is equally important at 26N. Cabanes et al. (2008) used
a reanalysis product to show that interannual variability of the subtropical AMOC is
primarily associated with uctuations of pycnocline depth near the western boundary
due to Ekman pumping in the western part of the basin. Interannual to decadal AMOC
adjustment on a gyre scale of order 1 Sverdrup in response to NAO forcing has been seen
in model studies (e.g. Eden and Willebrand, 2001, Figure 1.13) and demonstrated by
combining observations with a numerical model (Lozier et al., 2010). Enhanced north-
ward penetration of subtropical waters (with associated AMOC changes) in response to
NAO driven changes in wind stress curl has also been suggested (Hakkinen et al., 2011).
At interannual and longer timescales however, coherent basinwide variability comprises
the rst mode of North Atlantic AMOC variance in models (Bingham et al., 2007) and at
decadal periods basinwide AMOC variability appears dominant (Biastoch et al., 2008).
Other more remote mechanisms of AMOC variability are not discussed here, such as
changes in Southern Ocean upwelling (Delworth and Zeng, 2008) or variations in warm
and salty Aghulas leakage into the South Atlantic and its eventual advection to the deep
water formation regions (Biastoch et al., 2009). The magnitude of such eects is not
yet well understood and the timescale of such variability is likely to be multi-decadal or
longer.
Some concern exists over our ability to detect low frequency AMOC changes in light
of signicant high-frequency noise (Baehr et al., 2004, 2007), particularly in the sub-
tropical latitudes where in models, decadal variability appears more obscured by higher
frequency processes (e.g. Bingham et al., 2007; Biastoch et al., 2008, Figure 1.13). How-
ever, a promising feature of several model decompositions of AMOC variability is the
apparent linear nature of the AMOC response to surface wind and buoyancy forcing (e.g.
Sime et al., 2006; Hirschi et al., 2007; Biastoch et al., 2008). This implies that if properly
understood, some of the noise in AMOC observations may be determinable and remov-
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by Rapid-WATCH, which at present is estimated to resolve year-to-year changes of 1.4
Sv and decade-to-decade changes of 0.6 Sv (Kanzow et al., 2009). Promising for under-
standing of AMOC variability is the apparent robustness of the model AMOC response
to external forcing despite dierences in model resolution, parameterisation, domain
and mean state (e.g. Beismann and Barnier, 2004; Schweckendiek and Willebrand, 2005;
Biastoch et al., 2008), implying that despite deciencies of simulated AMOC structure,
variability of the maximum AMOC can still be usefully studied (Koehl and Stammer,
2008). It is not yet clear to what extent this linear AMOC behaviour will carry over to
high resolution, eddying models. An eddy resolving model run in conjunction with mod-
els of lower resolution suggests that the contribution of internally induced uctuations
in the subtropical North Atlantic is smaller than wind driven changes, but enhanced
north of  30N, particularly in the latitude range of the baroclinically unstable Gulf
Stream extension (Figure 1.13, Biastoch et al., 2008). The meridional coherence of low
frequency AMOC anomalies driven by deep water formation processes (Figure 1.13)
oers a further strategy for their observational detection.
1.5 Summary
This chapter has provided an overview of the present state of AMOC research. The
mean state of the AMOC is reasonably well dened and the critical role of the AMOC
in Earth's climate system is acknowledged. Despite deciencies in model simulations
of mean AMOC state, our best guess of the future response of the AMOC to anthro-
pogenic atmospheric emissions is a gradual weakening over the coming century, though
abrupt changes in AMOC state cannot be discounted. In the past, observations of the
AMOC have been insucient to determine whether long term changes in the AMOC
have occurred that are coherent throughout the North Atlantic. The present state of
the AMOC is now being continuously assessed at 26N by the Rapid-WATCH array. A
challenge for Rapid-WATCH will be to separate longer term AMOC changes as predicted
in response to global climate change, from shorter term and natural AMOC variability.
Due to the sparse nature of AMOC observations available, the extent, magnitude and
origin of AMOC variability at almost every timescale is still uncertain and model studies
cannot yet be validated. This is particularly true on interannual and longer timescales,
where our understanding of AMOC variability is heavily based on model studies.34 Chapter 1. Introduction
The aim of this study is to improve understanding of ongoing measurements of AMOC
variability made by Rapid-WATCH, and where possible provide context for the 5 year
timeseries presently available. This work has two approaches. The rst approach is
a detailed investigation of Ekman, Sverdrup and Gulf Stream transport variability at
26N using the multi-decadal observation-based records that are available. Ekman and
Gulf Stream transports are two of the three components that Rapid-WATCH uses to
monitor the strength of the AMOC, whilst Sverdrup transports may provide a constraint
on mid-ocean transport variability, the third component of the Rapid-WATCH array.
The second approach is an assessment of changes in the AMOC and its components
over the past 50 years, motivated by a sixth occupation of the 24N section in early
2010, and the availability of Rapid-WATCH data to quantify seasonal and sub-seasonal
variability. Overall, this work aims to enhance our understanding of AMOC variability
at 26N at sub-seasonal to interannual timescales by quantifying and attributing the
sources of variability.Chapter 2
Variability of Gulf Stream,
Ekman and Sverdrup Transports
at 26N
Elements of this chapter have already been published:
Atkinson, C. P., Bryden, H. L., Hirschi, J. J. M., Kanzow, T., 2010. On the sea-
sonal cycles and variability of Florida Straits, Ekman and Sverdrup transports at 26N
in the Atlantic Ocean. Ocean Sci. 6 (4), 837-859, doi:10.5194/os-6-837-2010.
2.1 Introduction
The Atlantic Meridional Overturning Circulation (AMOC) is a fundamental part of
Earth's climate system which in combination with the horizontal wind-driven gyres
transports large amounts of heat into the high northern latitudes. A substantial weak-
ening of the AMOC is predicted in response to anthropogenic related changes in high
latitude buoyancy ux (IPCC, 2007) and it is suggested that a total shutdown of the
AMOC would have profound implications for the climate of northwest Europe (Vellinga
and Wood, 2002). The Rapid-WATCH (formerly Rapid) array combines satellite wind
stress observations (to obtain Ekman transports), Florida Current cable measurements
and mid-ocean geostrophic transports (calculated from moored temperature, salinity
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and current sensors at the basin margins) to continuously monitor the strength of the
AMOC at 26N (Cunningham et al., 2007; Kanzow et al., 2010). These independent
measurements have been shown to successfully resolve the AMOC at 26N at timescales
longer than 10 days (Kanzow et al., 2007).
Since measurements began in April 2004, the Rapid-WATCH array has revealed that
large AMOC variability exists at sub-seasonal to annual timescales (Cunningham et al.,
2007; Kanzow et al., 2010). A present challenge for Rapid-WATCH is to separate cli-
matically relevant AMOC variability from other more localised signals. Whilst only 4 to
5 years of mid-ocean transports are available, high quality decadal datasets are already
available for both the Florida Straits and Ekman transport components of the array. It
is the properties of these decadal timeseries that will form the focus of this chapter.
The Florida Current forms an upstream extension of the Gulf Stream and is constrained
by the narrow, approximately 90 km wide, Florida Straits. The Florida Current is
both part of the western boundary current system of the North Atlantic subtropical
gyre and a pathway for warm-water return ow of the Atlantic thermohaline circula-
tion (Schmitz and Richardson, 1991). Mass transport through the Florida Straits has
been almost continuously measured since April 1982 using a succession of submerged
telephone cables located between 26N-27N (Larsen, 1992; Baringer and Larsen, 2001;
Meinen et al., 2010). These observations began during the Sub Tropical Atlantic Climate
Studies (STACS) program which ran from 1982-1984 and used a variety of measurement
techniques to study the Florida Current (Molinari et al., 1985). Amongst many other
results, STACS revealed that Florida Straits transport variability has a near continu-
ous power spectrum and an apparent asymmetric seasonal cycle with a range of several
Sverdrups. Prompted by this intensive period of observations, many studies of transport
in the Florida Straits have followed the STACS era and a signicant body of literature
now exists on the Florida Current.
The relationship between Florida Straits transport variability and North Atlantic wind
eld variability has received considerable attention. On annual and sub-annual timescales,
several links have been made between the Florida Current and both local and remote
wind forcing (e.g. Schott and Zantopp, 1985; Leaman et al., 1987; Schott et al., 1988; Lee
and Williams, 1988; Mayer and Weisberg, 1993) in general agreement with model results
(e.g. Anderson and Corry, 1985b; Rosenfeld et al., 1989; Greatbatch and Goulding, 1989;Chapter 2. Atlantic Transport Variability at 26N 37
Boning et al., 1991; Fanning et al., 1994; Greatbatch et al., 1995). A signicant fraction
of variance at these periods has been linked to local meridional wind stress forcing in
the Florida Straits, particularly at periods of days to tens of days where a barotropic
response occurs (Lee and Williams, 1988). Wind stress forcing local and downstream
to the Florida Straits has also been implicated in driving the Florida Straits seasonal
transport cycle. At annual (and sub-annual) period, the Florida Straits transport does
not adjust to wind stress forcing eastward over the interior ocean (Anderson and Corry,
1985a), instead reecting a combination of sources originating closer to the continen-
tal shelf. These include barotropic long topographic waves (generated by changes in
[
  !
rz    !  (x;y)]=h along f=h contours) and baroclinic coastally trapped waves (Ander-
son and Corry, 1985b). Observations of the vertical structure of the Florida Current
have shown that the seasonal cycle possesses both barotropic and baroclinic components
(Leaman et al., 1987; Schott et al., 1988). At sub-monthly periods, some Florida Cur-
rent variability has been related to meandering modes (Johns and Schott, 1987) and
frontal eddies along the East Florida shelf (Lee et al., 1991; Fiechter and Mooers, 2003)
while at much longer decadal timescales, Florida Straits transport appears to adjust
to changes in wind stress curl over the sub-tropical gyre (Anderson and Corry, 1985a;
DiNezio et al., 2009) and may respond to changes in Atlantic thermohaline circulation.
Ekman transport at 24N has a weak seasonal cycle due to the proximity of a node in the
seasonal cycle of wind stress (Jayne and Marotzke, 2001). Observations (Kanzow et al.,
2009) and model studies (e.g. Sime et al., 2006; Hirschi et al., 2007) suggest that at sub-
annual periods, barotropic compensation of Ekman transport is particularly important
for AMOC variability in the sub-tropical latitudes. At 24N, Ekman transport shows
reasonable correlation to the North Atlantic Oscillation (NAO, Josey et al., 2002). The
NAO (e.g. Hurrell et al., 2003) is the dominant mode of Sea Level Pressure (SLP) vari-
ability in the North Atlantic at monthly to interannual (and longer) timescales; during
positive NAO conditions, SLP over the Azores is higher than normal, weakening the an-
ticyclonic/cyclonic atmospheric circulations in the subtropical/subpolar North Atlantic.
The NAO accounts for the largest amount of interannual variability in monthly North
Atlantic SLP in all but 4 months of the year and is most pronounced in amplitude and
areal coverage during Winter (Marshall et al., 2001). Atmospheric circulation variability
in the form of the NAO arrises from the internal non-linear dynamics of the extratropical
atmosphere and the predictability of seasonal to interannual NAO variability will most38 Chapter 2. Atlantic Transport Variability at 26N
likely remain low (Hurrell et al., 2006; Hurrell and Deser, 2009).
This chapter presents a detailed investigation of Florida Straits and Ekman transport
properties at 26N prompted by the presence of the Rapid-WATCH array. Some at-
tention is also given to Sverdrup transport (wind stress curl) variability at 26N which
is a possible driver of AMOC variability. Whilst much is already known about Florida
Current transport variability, this work aims to re-visit, update and expand upon some
of the previous observations in light of the longer Florida Straits transport timeseries
and modern wind stress climatologies that are now available. Ekman and Sverdrup
transport variability at 26N is described more thoroughly than in previous studies and
where possible placed in the context of wider North Atlantic variability. This analysis
mostly concentrates on sub-annual, seasonal and interannual timescales of variability
which complement the observations currently being reported by Rapid-WATCH inves-
tigations.
The chapter is organised as follows: rstly the data and methods used are outlined in
Section 2.2; Section 2.3 describes and discusses properties of Florida Straits, Ekman
and Sverdrup transports at 26N and where possible places these in the context of
wider North Atlantic wind stress variability (model data is also used in an attempt to
understand Florida Straits transport variability at sub-annual to interannual periods);
Section 2.4 further discusses seasonal variability and considers the results in the context
of the AMOC; a summary of the main results is presented in Section 2.5.
2.2 Data and methods
2.2.1 Data
Daily Florida Straits cable transports for the period 1982-2007 were downloaded from
the Atlantic Oceanographic and Meteorological Laboratory web page which are freely
available, funded by the NOAA Oce of Climate Observations (www.aoml.noaa.gov/
phod/floridacurrent/, note that an approximately 20-month gap exists in the data
from 1998-2000). Whilst seasonal cycles were analysed using raw daily data wherever
possible, some timeseries analysis (e.g. power spectra) uses simple linear interpolation
to ll data gaps where required. Monthly mean Florida Straits transports are producedChapter 2. Atlantic Transport Variability at 26N 39
from the daily data following DiNezio et al. (2009), where means calculated from less
than 15 daily observations are not used and instead are estimated using linear interpo-
lation.
Daily and monthly Ekman and Sverdrup transports at 26N were calculated for the
period 1980-2007 using gridded surface wind stress elds from the NCEP-NCAR re-
analysis project (Kalnay et al., 1996; Kistler et al., 2001) which are freely available via
the IRI/LDEO Climate Data Library (http://iridl.ldeo.columbia.edu/). Ekman
and Sverdrup transports were calculated at latitude 25.71N (note that grid spacing =
1.875 longitudinally and 1.905 latitudinally in the low and mid-latitudes).
Meridional Ekman transport across a grid cell, Eky, was calculated using:
Eky(i;j) =  (fw) 1Lxx(i;j); (2.1)
where f = 2
sin is the Coriolis parameter (with 
 = 7.292  10 5 rad s 1 and
latitude  = 25.71N), w = density of sea water in the Ekman layer assumed to be
1024 kg m 3, Lx = zonal dimension of a grid cell (m) and x = climatological zonal
wind stress (N m 2). The longitude and latitude of a given grid point are denoted by
indices (i;j).
Sverdrup transport across a grid cell, Svd(i;j), was calculated using:
Svd(i;j) = (
@f
@y
w) 1Lxcurlz~ (i;j); (2.2)
where @f=@y is meridional gradient of the Coriolis parameter (taken as 2.06  10 11
m 1 s 1) and curlz~  is the wind stress curl calculated using a simple centered nite
dierence scheme following Josey et al. (2002):
curlz~ (i;j) =
y(i + 1;j)   y(i   1;j)
2Lx
 
x(i;j + 1)   x(i;j   1)
2Ly
: (2.3)
Ekman and Sverdrup transports are then zonally integrated across 26N over the ranges
76.875-15W and 76.875-16.875W respectively (where the reduced Sverdrup range avoids
using land grid points).40 Chapter 2. Atlantic Transport Variability at 26N
In addition to NCEP-NCAR data, wind stresses from the 1 gridded NOC v1.1 clima-
tology (1980-2005, available monthly from http://www.noc.soton.ac.uk/noc_flux/
noc1_1.php, Josey et al., 2002) and 0.5 gridded IFREMER MWF QuikSCAT climatol-
ogy (2000-2007, available daily and monthly from ftp.ifremer.fr/ifremer/cersat/
products/gridded/mwf-quikscat/) were also used for comparison with the Florida
Straits transports and in calculation of Ekman and Sverdrup transports at 26N. A
detailed comparison of Ekman and Sverdrup transports for the three climatologies is
presented in Chapter 3. NCEP-NCAR data is determined on a dynamical model and
data assimilation system, whilst NOC and QuikSCAT are determined based on ship me-
teorological reports and satellite scatterometer data respectively. These three datasets
therefore provide complementary methods for estimating the North Atlantic wind stress
eld and should help mitigate against sampling, measurement or methodological errors
associated with any particular dataset. It should be noted that the NCEP-NCAR cli-
matology assimilates QuikSCAT data where available and therefore these two datasets
cannot strictly be considered independent.
The NAO index used in this study is based on periodically updated data distributed
by NOAA's Climate Prediction Center (http://www.cpc.noaa.gov/products/precip/
CWlink/pna/nao.shtml). This is a monthly index derived following the method of
Barnston and Livezey (1987), based on a rotated principal component analysis that
isolates the primary teleconnection patterns of the NAO using year-round (not just
winter) data.
The Rapid-WATCH data used in this study comprises ve years of continuous observa-
tions of the strength of the AMOC. These span the period April 2004 to April 2009 and
constitute the longest record available at the time of analysis. Data from the Rapid-
WATCH AMOC monitoring project are funded by the Natural Environmental Research
Council and are freely available from http://www.noc.soton.ac.uk/rapidmoc. Fur-
ther details are given in Section 4.2.2.
Monthly timeseries for Florida Straits, NCEP-NCAR Ekman and Sverdrup transports,
NAO index and upper ocean transports measured by Rapid-WATCH are shown in Figure
2.1. Mean transports and variability are also given.Chapter 2. Atlantic Transport Variability at 26N 41
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Figure 2.1: Monthly timeseries of adjusted NAO index (black, 3NAO index +15),
Florida Straits transport (blue), 26N southward upper mid-ocean transport from
Rapid-WATCH (purple), 26N NCEP Ekman transport (red, 76.875-15W), 26N
NCEP Sverdrup transport (green, 76.875-16.875W). Note change in scale size for Sver-
drup transport. For transports: mean  std. dev. is 32.1  2.4 (3.3), 17.3  2.8, 3.6
 1.9 (3.5) and -20.3  8.0 (16.1) respectively (parentheses give std. dev. of daily
timeseries where available).
2.2.2 Methods
In this chapter and in Chapter 3, a variety of statistical and timeseries methods are
used. These methods are outlined below with further detail given in the results sections
where appropriate.
All low and high pass ltering (including seasonal cycles) is carried out using a 5th
order Butterworth bandpass lter which has no phase shifting in the time domain. Most
timeseries ltering uses a 24 or 36 month cut-o period to separate multi-annual and
longer variability. Care was taken to avoid spurious lter edge eects associated with
ltering by removing one lter width from each end of the ltered timeseries.
Prior to timeseries analysis, means and best-t linear trends were removed from the
data (and in some cases a mean seasonal cycle) except when of specic interest. For
correlations and linear regressions, the degrees of freedom used to calculate condence
limits were estimated based on time-series lengths divided by their integral timescales.
Integral timescales were dened as the integral of the one sided autocorrelation function42 Chapter 2. Atlantic Transport Variability at 26N
out to the rst zero crossing for the timeseries of interest (Emery and Thomson, 2001).
Where Standard Errors (SE) of a mean are used ( x), these are calculated as SE x = s=
p
n
where s = sample standard deviation and n = degrees of freedom in the sample. If sample
sizes are small (< 30), the student t-distribution is used to obtain condence limits as
required.
The seasonal cycles shown in Figure 2.3 are a composite of simple arithmetic daily
means (e.g. mean of all January 1st's, January 2nd's etc), with standard error given as
above. These are smoothed using a low-pass lter with cut-o period 30-days and mean
transport is subsequently removed. Details of the seasonal cycle harmonic analysis used
in this chapter are given in Table 2.1 and Figure 2.4. Harmonics are tted using a linear
regression approach.
Power spectra are calculated using the Welch method, with data split into 8 equal sub-
segments overlapping by 50% and a Hamming window applied (an example is given in
Figure 2.2). The nal power-spectra is obtained by averaging power spectra for each of
these sub-segments. The Welch averaging approach reduces noise in the power spectra
estimate with the trade o being loss of frequency resolution and range (though this is
improved by allowing sub-segment overlap and therefore greater sub-segment length).
Use of a Hamming window on each sub-section acts to reduce `ringing' in the data
associated with abrupt data truncation at the window boundaries. Test spectra reveal
that use of other window types (e.g. Hann and Bartlett) leads to no improvement in
determining spectra properties (Figure 2.2b). A brief test of the multitaper method to
estimate power spectral density also oered no improvement whilst parametric methods
were not investigated. Power spectra condence interval limits were calculated assuming
each sub-segment has approximately 2 degrees of freedom and that the uncertainty
of spectral estimates follow a chi-squared distribution (Emery and Thomson, 2001).
Condence limits are given about a spectral background estimated using a 2nd order
polynomial t to the log-power frequency spectrum (Weedon, 2003). Peaks located
outside the 95% condence limit are considered likely to be signicant from background
noise. Condence limits can also be applied to the power spectra itself (i.e. condence
limits are applied independently to the power in each resolved frequency interval and a
spectral background estimate is not used) however this is messier in appearance and does
not improve power spectra interpretation. Note that no account has been taken of slight
variations in the equivalent degrees of freedom associated with dierent window typesChapter 2. Atlantic Transport Variability at 26N 43
(Emery and Thomson, 2001; Priestly, 1981), consistent with the two degrees of freedom
assumed for each window by the Matlab software package used during this work. For
clarity, 95% condence limits are not shown, as broadly only the general character of
the spectra is discussed (with the exception of annual and semi-annual peaks).
Power spectra are presented in either log period vs. log power format, or in log period vs.
power  frequency format. The rst format is useful because the power spectral density
of a timeseries often ranges over orders of magnitude. The second format is referred to
as variance conserving, alluding to the fact that signal variance under the spectral curve
is preserved in a log frequency vs. power  frequency projection, which is not the case
for the area integral in log frequency vs. log power format. This is because:
2(fc) =
Z fc+f=2
fc f=2
fSyy(f)d[log(f)] =
Z fc+f=2
fc f=2
Syy(f)df; (2.4)
which uses the fact that d[log(f)] = df=f (where 2 is the signal variance in frequency
band f centered at frequency fc and Syy(f) is power spectral density, Emery and
Thomson, 2001). This format helps emphasise spectral peaks and the distribution of
spectral energy that are often less obvious in log period vs. log power format.
To calculate coherence (Cxy) of two time series (x and y), the squared power spectra
of the product of the two timeseries (PSDxy) is divided by the product of the power
spectra of each time series (PSDxx and PSDyy) at each resolved frequency (f):
Cxy(f) =
PSDxy(f)2
PSDxx(f)  PSDyy(f)
: (2.5)
This gives the proportion of variance (between 0 and 1) shared by the two timeseries
as a function of frequency. Where coherence analysis is undertaken, power spectra are
calculated following the approach described above. Coherence phase is calculated as
the angle dened by the real and imaginary parts of the complex function PSDxy,
where PSDxy is the cross power spectral density estimate of discrete timeseries x and
y. Coherence signicance levels were calculated using a simple bootstrap analysis, where
one timeseries is randomly sampled prior to calculation of the coherence. This procedure
was repeated 100 times and the 95th percentile of coherence values at each frequency
found. Values of the 95th percentile were then averaged across all frequencies to give44 Chapter 2. Atlantic Transport Variability at 26N
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Figure 2.2: Power spectra window properties (a) Coecients for Hamming, Hann and
Bartlett windows for a data-segment containing 400 data points, (b) Power spectra for
a 5 year NCEP daily Ekman transport timeseries (2003-2007) at 26N calculated using
Hamming, Hann and Bartlett windows (c) daily NCEP Ekman transports at 26N,
horizontal bars denote 8 overlapping (by 50%) sub-segments of length 400 days into
which data is split prior to the application of window coecients and calculation of
power spectral density. Some data points at the end of the timeseries are discarded to
ensure an integer number of windows.
a base level of coherence attributable to random noise. Above this level coherence is
deemed 95% signicant. Condence limits calculated using this approach are in close
agreement with theoretical limits based on estimates of the available degrees of freedom
(Thompson, 1979; Emery and Thomson, 2001).Chapter 2. Atlantic Transport Variability at 26N 45
2.3 Results
2.3.1 Florida Straits transport
2.3.1.1 Observations of the seasonal cycle
The mean seasonal cycle of transport through the Florida Straits for the period 1982-
2007 is shown in Figure 2.3a (bold red line). The seasonal cycle reaches a maximum of
+1.6 Sv in mid-July, a minimum of -1.7 Sv in mid-January and shows a clear annual
periodicity. Fitting annual and semi-annual harmonic components to the mean seasonal
cycle (Figure 2.4a) shows that the annual harmonic captures the structure of the mean
seasonal cycle (RMS error = 0.5 Sv) and that only a minor semi-annual component is
present. The amplitudes of the annual and semi-annual harmonic components are 1.17
Sv and 0.19 Sv respectively (Table 2.1).
To investigate the year to year stability of the Florida Straits seasonal cycle, annual and
semi-annual harmonics were also calculated for each year of the 1982-2007 Florida Straits
transport record (excluding 1998 and 1999 where little data are available). The phases
and amplitudes of these harmonic components (including those of the mean seasonal
cycle) are presented in Figure 2.4b-c where both annual and semi-annual harmonic
components show clear interannual variability about the 1980-2007 means (bold black
crosses). Although annual harmonics of amplitudes > 1 Sv are evident in all but three
years of data (Figure 2.4b), the 1980-2007 mean properties, which to rst-order represent
the mean seasonal cycle, only emerge when considering the full decadal length dataset.
Harmonic coecients (including condence intervals) for the 1980-2007 mean seasonal
cycle are given in Table 2.1.
Baringer and Larsen (2001) used 1982-1998 daily Florida Straits cable transports to
identify an apparent change in the Florida Straits seasonal cycle when comparing the
rst and last 8 years of data (see also Figure 2.5a). Figure 2.5 extends this analysis
using monthly cable transports (calculated from daily transport data following DiNezio
et al., 2009) to include the 8-year period 2000-2007. The 2000-2007 mean seasonal
cycle is dierent in structure to both the 1982-1989 and 1990-1997 mean seasonal cycles
(Figure 2.5b-c) suggesting further changes in the seasonal cycle of the Florida Straits
may have occurred. However, if 95% condence intervals are included on the estimates46 Chapter 2. Atlantic Transport Variability at 26N
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Figure 2.3: Seasonal transport anomalies (overall mean transport is removed) of (a)
Florida Straits transport, (b) Ekman transport (26N), (c) Sverdrup transport (26N)
for 1980-2007. Blue = daily means  1 standard error, red = 30-day low-pass on daily
means.
of monthly mean (taking into account small sample size), it is not clear how signicant
these apparent changes in seasonal cycle actually are (Figure 2.5a-c).
To establish whether these changes are statistically signicant, a Student's t-test was
carried out for each pair of monthly mean transport estimates from each 8-year period
(e.g. January mean 1982-1989 versus January mean 1990-1997), to test the hypothesis
that the two values are statistically dierent. The condence (p-value) in this hypothesis
for each pair of values is shown in Figure 2.5d-f. At 95% condence, only the 1982-1989
August mean is dierent from the 1990-1997 mean (though high statistical condence
is also seen for August of 1982-1989 versus 2000-2007). This however appears due toChapter 2. Atlantic Transport Variability at 26N 47
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Figure 2.4: (a) Annual and semi-annual harmonics (ne black lines) calculated for
the Florida Straits 1982-2007 mean seasonal cycle (red, see also Figure 2.3a). The
bold black line shows the annual and semi-annual harmonics combined. (b) phases ()
and amplitudes (M) of the annual harmonic (Han) calculated for each year of Florida
Straits data from 1980-2007; where Han = M cos(2t=!   2=!) and t=time (days),
!=harmonic period (366 days). Red, blue and green crosses highlight harmonics for the
8-year periods; 1982-1989, 1990-1997 and 2000-2007 respectively. The bold black cross
corresponds to the annual harmonic of the mean seasonal cycle shown in (a). (c) same
as (b) but for the semi-annual harmonic (!=183 days). Zero phase is a peak of the
annual or semi-annual harmonic on January 1st. (d)-(f); same as (a)-(c) but for Ekman
transport at 26N (1980-2007). (g)-(i); same as (a)-(c) but for Sverdrup transport at
26N (1980-2007). Note that for Ekman and Sverdrup transports, black crosses are
used to denote all harmonics from 1980-2007.
the anomalously small condence interval associated with the August 1982-1989 value.
Nevertheless, the large July to November range associated with the somewhat asymmet-
ric 1982-1989 seasonal cycle does produce high condence values in both July-August
and October-November (Figure 2.5d) suggesting that it is possible that some change in
seasonal cycle over time occurred. This is reinforced by Figure 2.4b which shows the
annual harmonics for the 1982-1989 period (black crosses) are more tightly clustered48 Chapter 2. Atlantic Transport Variability at 26N
Coecient Florida Straits Ekman 26N Sverdrup 26N
A 32.070.22 3.630.11 -20.260.37
B -1.170.27 0.260.14 -0.730.51
C -0.010.31 -0.340.14 -3.710.49
D 0.03 0.26 0.580.15 -4.380.48
E 0.190.22 0.220.16 -4.630.54
Phase 183 / 42 days -53 / 11 days -103 / -68 days
Amplitude 1.17 / 0.19 Sv 0.43 / 0.62 Sv 3.78 / 6.37 Sv
Table 2.1: Harmonic analysis for seasonal cycles of Florida Straits (1982-2007),
Ekman (1980-2007, 26N) and Sverdrup (1980-2007, 26N) daily transports. Har-
monic coecients A-E represent least squares t between data and the model:
A + B cos(2t=366) + C sin(2t=366) + Dcos(2t=183) + E sin(2t=183), where t =
time (days). Results are mean  std. error of the coecients calculated for each indi-
vidual year of data (e.g. BEkman = mean of B1980 + B1981::: + B2007). Phase () and
amplitude (M) are also given for annual / semi-annual harmonic constituents (model
= A + Man cos(2t=366   2an=366) + Msemian cos(2t=183   2semian=183).
than the latter 8-year periods which become more scattered. A visual inspection of the
monthly Florida Straits timeseries also reveals more distinct annual periodicity over this
period relative to 1990 onwards (Figure 2.1). No statistically compelling change is seen
for further changes in seasonal cycle between 1990-1997 and 2000-2007 (Figure 2.5f).
2.3.1.2 Relation of the seasonal cycle to seasonal winds at the western At-
lantic margin
Whilst changes in the Florida Straits seasonal cycle remain plausible (particularly when
comparing the mean seasonal cycle for 1982-1989 to more recent 8-year periods), sig-
nicant transport variance at non-annual frequencies means calculations of the seasonal
cycle are liable to contamination by other signals (Figure 2.6a). In the absence of a plau-
sible physical mechanism it is dicult to be convinced of the signicance of apparent
changes in seasonal cycle. Several authors have attributed the Florida Straits seasonal
cycle to wind stress forcing in the vicinity of the Florida Straits (Schott and Zantopp,
1985; Anderson and Corry, 1985b; Schott et al., 1988; Lee and Williams, 1988; Boning
et al., 1991; Fanning et al., 1994) which shows similar seasonal phase to that of the
Florida Straits transports. This is linked to the Florida Straits seasonal cycle through
upstream wave propagation and local channel processes (e.g. Anderson and Corry, 1985b;
Lee and Williams, 1988). Investigating this further using the NCEP-NCAR, NOC v1.1
and QuikSCAT climatologies, meridional wind stress both local to and downstream of
the Florida Straits is also found to have seasonal phase comparable to the full 1982-2007Chapter 2. Atlantic Transport Variability at 26N 49
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Figure 2.5: (a)-(c) A comparison of Florida Straits seasonal cycle calculated over
the 8-year periods 1982-1989 (red), 1990-1997 (blue) and 2000-2007 (green) using a
timeseries of monthly Florida Straits transport. Error bars denote 95% condence in-
tervals associated with each monthly value. Mean transports for 1982-1989, 1990-1997,
2000-2007 and 1982-2007 are 32.4 Sv, 31.7 Sv, 32.1 Sv and 32.1 Sv respectively. (d)-(f)
Results from a Student's t-test testing the hypothesis that monthly means from two
separate 8-year periods are statistically dierent. Condence in this hypothesis for each
monthly pair in (a)-(c) is shown (the horizontal line corresponds to 95% condence).
Florida Straits seasonal cycle (Figure 2.7). It is notable that the seasonal cycle of merid-
ional wind stress downstream of the Florida Straits is larger in amplitude (and possesses
more obvious annual periodicity) than in the Florida Straits itself and therefore may be
most important in setting the Florida Straits seasonal transport cycle.
To establish whether changes in seasonal wind stress can explain apparent changes in
Florida Straits seasonal cycle, seasonal wind stress was calculated over identical 8-yr
periods to those used in Figure 2.5 in regions upstream, downstream and local to the
Florida Straits (Figure 2.7, top left). In addition to meridional wind stress, seasonal
cycles of zonal wind stress and wind stress curl were also calculated following work by
Anderson and Corry (1985b) and Fanning et al. (1994) showing that the barotropic com-
ponent of the Florida Straits seasonal cycle may be composed of contributions from all
three wind stress parameters (both wind stress curl and the interaction of zonal/merid-
ional wind stress with meridional/zonal topographic gradients). Whilst most literature50 Chapter 2. Atlantic Transport Variability at 26N
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Figure 2.6: Variance conserving spectra of (a) Florida Straits transport, (b) Ekman
transport (26N), (c) Sverdrup transport (26N), (d) NAO index (monthly).
links the Florida Straits seasonal cycle to local or downstream wind stress forcing, calcu-
lations for the region upstream of Florida Straits are also included following earlier work
noting that wind stress curl over the Caribbean Sea also possesses similar seasonal phase
to that of the Florida Straits transport (Schott and Zantopp, 1985; Schott et al., 1988).
No evidence of this is seen however in the NCEP-NCAR, NOC v1.1 and QuikSCAT
climatologies (Figure 2.7, bottom right) so this region will be largely ignored in the
following discussions. It is noted that the choice of regions shown in Figure 2.7 is some-
what arbitrary, designed to overlap with previous literature; however, the results shown
are relatively insensitive to small changes in area. It is also noted that the three wind
stress climatologies used are in excellent agreement for seasonal wind stress properties
over these three regions, with only curl in region 1 showing any major discrepancies.
However, as changes in wind stress curl remain qualitatively similar in region 1, this
does not have an impact on later discussions.
Over 8-year periods, seasonal wind stress in the vicinity of the Florida Straits appearsChapter 2. Atlantic Transport Variability at 26N 51
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Figure 2.7: Seasonal cycles of monthly wind stress parameters over the 8-year periods
1982-1989 (red), 1990-1997 (blue) and 2000-2007 (green) in 3 separate regions (R1-
R3, see panel top left). Seasonal cycles are shown for the NCEP (solid lines) and
NOC or QuikSCAT (dashed lines) climatologies where available. Note that the y-axis
orientation is sometimes inverted to facilitate visual comparison with the Florida Straits
seasonal transport cycle. Region of interest and wind stress parameter are stated in each
panel (bottom right corner). Top left panel: Regions R1-R3 correspond respectively to
regions downstream, upstream and local to the Florida Straits. Dots and shaded boxes
denote the NCEP grid and land mask used in this analysis.52 Chapter 2. Atlantic Transport Variability at 26N
very stable. No convincing evidence of relative changes in seasonal wind stress compara-
ble to those seen in the Florida Straits transports is observed for any of the wind stress
components investigated. For example, the 1982-1989 seasonal cycle of meridional wind
stress downstream of Florida Straits (Figure 2.7, centre row left) does not show a larger
amplitude or greater asymmetry relative to 1990-1997 and 2000-2007, which is the case
for transports in the Florida Straits (Figure 2.5a-b). Given the marginal statistical sig-
nicance of apparent changes in the Florida Straits seasonal transport cycle over 8-year
periods and the absence of a wind-stress mechanism to drive them, it is therefore sug-
gested that the changes observed in Figure 2.5a-c are the result of transport variability
at non-annual frequencies contaminating seasonal mean calculations (particularly peri-
ods < 2 years where most of the transport variance occurs). The seasonal cycle of the
Florida Straits is a property that emerges from a noisy signal when observations over
decadal or longer periods are available.
2.3.1.3 Transport at non-seasonal timescales
The Florida Straits transport timeseries shows signicant power at most periods > 5
days (Figure 2.6a) with discernible peaks at annual and semi-annual frequencies. Ap-
proximately 50% of the variance exists at periods longer than 60 days and around one
third of the variance lies in the period band 60-720 days (std. dev. of 1.9 Sv) excluding
the seasonal cycle (std. dev. 0.8 Sv). The power spectra is nearly continuous suggesting
the Florida Straits transport is driven by randomly timed events. To understand Florida
Current variability further it is therefore necessary to unpick changes in transport in a
variety of dierent frequency bands.
At timescales of < 5-10 days, Florida Straits transport variability shows coherence with
along channel wind stress from both NCEP-NCAR and QuikSCAT climatologies, which
in turn show greatest power at these high frequencies (Figure 2.8a-c). This is in agree-
ment with previous studies using dierent climatological winds (Johns and Schott, 1987;
Schott et al., 1988; Lee and Williams, 1988; Greatbatch et al., 1995). The Florida Straits
transport timeseries shows greatest power at sub-annual periods longer than 10 days.
Using a monthly timeseries of Florida Straits transport variability, various techniques
were employed including cross-covariance, composite and Empirical Orthogonal Func-
tion (EOF) analysis, to identify possible links with the North Atlantic wind eld atChapter 2. Atlantic Transport Variability at 26N 53
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Figure 2.8: (a) Coherence of Florida Straits transport with local meridional wind
stress: black = NCEP wind at 27.62N, 78.75W from 1982-1998; red = QuikSCAT
wind at 26.25N, 79.25W from 2000-2007. Horizontal line denotes 95% condence
level. (b) Phase corresponding to (a) (negative phase denotes wind leads). (c) Variance
conserving power spectra for local meridional wind stress used in (a). (d)-(f) same
as (a)-(c) replacing wind with NCEP sea level pressure gradient (between 27.62N,
78.75W and 33.33N, 75W) from 2002-2007.
longer periods between 60-720 days (excluding the seasonal cycle). Despite extensive
analysis, no clear relationships could be found with surface wind stress (meridional,
zonal and curl) either local or remote to the Florida Straits. Particular attention was
given to wind stress downstream of the Florida Straits which is potentially important
for Florida Straits transport variability through coastal wave processes and barotropic
signal propagation following f=h contours (Anderson and Corry, 1985b,a); however no
signicant relationships were found. This work is summarised further in Appendix A.
As expected from the lack of coherence with the North Atlantic wind eld, a cross-
correlation analysis between Florida Straits transport variability at periods between
60-720 days (1982-1998) and the NAO index shows no values of r exceeding 0.2 at
lags up to 24 months. In addition, an EOF analysis of surface wind stress variability
surrounding the Florida Straits (20N-40N, 85W-60W) shows that PCs1 1-4 possess
1Where `EOF' refers to the spatial patterns that result from doing an Empirical Orthogonal Function
analysis, whilst `PC' (or `principal component') refers to the corresponding `temporal' patterns (or
timeseries). See also Appendices A and B.54 Chapter 2. Atlantic Transport Variability at 26N
little correlation with the NAO index (except PC1 of zonal wind stress where r0:4)
and therefore it is regional modes of variability that are most likely to inuence seasonal
Florida Straits variability (Appendix A). This is consistent with regression maps of
wind stress on the NAO index which indicate that in the western sub-tropical Atlantic
the NAO only projects signicantly on zonal wind stress (though peak zonal regression
values are observed in the central Atlantic). Downstream of Florida Straits it is wind
stress curl and the interaction of meridional wind stress with zonal topographic gradients
and the North American coastline that might be expected to produce most response in
the Florida Straits (Anderson and Corry, 1985a). It should be noted that at periods
> 2 years, reasonable correlation is seen between Florida Straits transport variability
and the NAO (1982-1998) with the NAO index leading by 20 months (Baringer and
Larsen, 2001), although since 2000 this relationship has become less clear (Beal et al.,
2008). A possible explanation related to planetary wave propagation forced by wind
stress curl in the open ocean has been identied by DiNezio et al. (2009).
The above analysis is repeated using NCEP-NCAR, NOC v1.1 and QuikSCAT clima-
tologies whose wind stress variability shows a wide range of spatial correlation in the
sub-tropical western Atlantic (particularly wind stress curl and meridional wind stress).
Results are consistent between climatologies and no relationships with Florida Straits
transport variability were found. Florida Straits transport variability at periods between
60-720 days (excluding the annual cycle) therefore seems dicult to interpret in terms
of North Atlantic wind stress forcing (Appendix A).
The hypothesis is tested that Florida Straits variability is driven locally by changes in
Sea Level Pressure (SLP) which act to pump water in and out of the Straits. No clear
coherence is seen however between gradients in NCEP SLP (the dierence between local
SLP and SLP at various locations several hundred kilometers outside the Florida Straits)
and Florida Current transport variability, providing little evidence for this mechanism
(Figure 2.8d-f). This is in agreement with the barotropic model study of Greatbatch
et al. (1995) which showed negligible contribution of atmospheric pressure forcing to
Florida Straits transport variability at periods > 2 days due to an approximately isostatic
ocean response.Chapter 2. Atlantic Transport Variability at 26N 55
2.3.1.4 The inuence of internal ocean transport variability
To understand the importance of internal ocean variability in the Florida Straits trans-
port measurements, a single NEMO run comprising of two passes of the DFS 3 forcing
dataset (ORCA025-N102 and ORCA025-N112), undertaken at the National Oceanog-
raphy Centre, Southampton as part of the DRAKKAR suite of eddy-permitting 1/4
NEMO model runs (Barnier et al., 2006; Madec et al., 2008; Grist et al., 2010), is used
opportunistically to estimate transport variance associated with this process. Each pass
covers the period 1958-2001 and is forced using identical external ocean uxes (momen-
tum and buoyancy) with output available at 5-day resolution. The model starts from
rest, with a climatological state. The nal ocean and ice state from pass 1 (N102) is used
to initialise the start of pass 2 (N112), facilitating studies of climatic drift in the model.
For the purposes of this analysis, these two passes also allow the behaviour of two model
oceans with diering initial states but identical surface uxes to be compared.
The 1/4 NEMO model possesses realistic bathymetry which includes a Florida Straits
channel separated from the ocean interior by Bahama islands. Time series of Florida
Straits transport are extracted from each model pass and compared over the period 1975-
2001 (where drift eects in pass 1 were no longer evident). The simulated Florida Straits
transports are shown in Figure 2.9a. Mean transport for the two passes is 29.3 Sv and
27.9 Sv which compares favourably with the observed Florida Straits mean transport
of 32.1 Sv (Figure 2.10a). The phase and amplitude of model and observed seasonal
cycles are also very similar (Figure 2.10e) and cannot be separated at 95% condence
limits, though model variability is somewhat damped at most frequencies (Figure 2.10c,
the standard deviations of pass 1, pass 2 and observations are 1.7 Sv, 1.8 Sv and 3.2 Sv
respectively). Coherence between either of the NEMO passes and the observed Florida
Straits transport is not signicant except at seasonal periods and periods < 60 days
(Figure 2.10d).
The possibility of using the OCCAM 1/12 model (Marsh et al., 2009) to investigate
Florida Straits transport variability is also investigated. A Florida Straits transport
timeseries is extracted from OCCAM 1/12 output from 1988-2004 at 5-day resolution
(Figure 2.10a). Similar to 1/4 NEMO output, variability is damped (Figure 2.10b)56 Chapter 2. Atlantic Transport Variability at 26N
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Figure 2.9: (a) Transport through the Florida Straits for two 1/4 NEMO passes
with identical external ocean forcing but diering initial ocean state, (b) coherence
(horizontal line denotes 95% condence level) and (c) phase for the two ocean model
passes.
and incoherent at most frequencies relative to observational data. However, in OC-
CAM the mean Florida Straits transport and its seasonal cycle compare unfavourably
to observational data so the possibility of using OCCAM output is discounted.
NEMO passes 1 and 2 show a correlation of r=0.56. The standard deviation of the
dierence between the two passes is 1.69 Sv with most power at periods of 70-1000 days
(Figure 2.11a). This is emphasised in Figure 2.9b-c where little signicant coherence is
seen between the two passes over this period range (except notably at seasonal periods)
and the zero phase relationship breaks down. The power spectra of the dierence be-
tween the passes is mostly composed of oceanic variability at a range of frequencies in
the  70-1000 day band, however a few dominant frequencies stand out, notably at 
320 and particularly 130 day periods (Figure 2.11b). An investigation of the 130 day
peak suggests that the NEMO model runs possess enhanced combined power near this
period (Figure 2.11c), but very small cross power spectral density (Figure 2.11d), ex-
plaining the near zero coherence at 130 days (Figure 2.9b, see also Section 2.2 explaining
the calculation of coherence). The 320 day peak straddles a peak in power at annual
period (Figure 2.11c) and seems related to power leakage from the seasonal frequencyChapter 2. Atlantic Transport Variability at 26N 57
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Figure 2.10: Florida Straits transport properties from cable observations (blue, 1982-
present), two 1/4 NEMO model passes (black and red, 1975-2001) and the 1/12
OCCAM model (green, 1988-2004); (a) transports for overlapping periods, (b) trans-
port power spectra (1988-1999), (c) transport power spectra (1982-1999), (d) NEMO
- observation coherence (1982-1999), (e) NEMO - observation seasonal cycles (1982-
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Figure 2.11: Properties of the dierence between Florida Straits transports from
two 1/4 NEMO model passes (1975-2001); (a) log-log power spectra, (b) variance
conserving spectra, (c) variance conserving power spectral density product for the two
NEMO passes (see text), (d) variance conserving cross power spectral density for the
two NEMO passes (see text). Grey lines highlight 130 day and 320 day periods (see
text). Blue lines denote 90% and 99% condence limits about an estimated spectral
background (see Section 2.2).
band. Importantly, neither peak in Figure 2.11b seems indicative of unrealistic `arti-
cial' ringing created by coherent (but out of phase) basin modes in the model. Outside
of annual and semi-annual cycles the variance in the 70-1000 day band is attributable
to incoherent transport variability across a range of frequencies.
Given identical external forcing of the two model passes, any loss of coherence can be
attributed to internal oceanic variability i.e. variability that is not directly forced by
changes in winds and surface buoyancy uxes. A signicant drop in coherence at intra-
seasonal to interannual periods is characteristic of oceanic eddy and wave variability
at sub-tropical latitudes and suggests that these processes make a substantial contribu-
tion to Florida Straits variability at these periods. This may well explain the lack ofChapter 2. Atlantic Transport Variability at 26N 59
correlation between observed Florida Straits transport variability and monthly North
Atlantic wind stress at 60-720 periods (excluding the annual cycle) described in Section
2.3.1.3. Internal ocean contribution to Florida Straits transport variability is likely to
be underestimated because eddy activity in eddy-permitting models tends to be more
predictable than in eddy resolving models.
The signicant coherence seen at annual period in Figure 2.9b-c supports the view that
the annual Florida Straits transport cycle is driven by the annual cycle of regional
wind stress (as discussed in the preceding sections). Model seasonal cycles calculated
over shorter 8-year periods (not shown) dier from each other and from observations,
consistent with Section 2.3.1.2 showing that over short periods calculation of the seasonal
cycle is obscured by non-seasonal variability (which is mainly internal ocean variability
that is incoherent between model runs and observations). Large coherence at periods >
1000 days (Figure 2.9b-c) is unsurprising as at multi-annual or longer periods, western
boundary current variability at 26N is expected to reect changes in sub-tropical gyre
and thermohaline circulation, responding to changes in wind stress curl and high latitude
buoyancy forcing respectively. Although some Florida Straits transport coherence with
local meridional winds stress is identied at periods < 10 days (Figure 2.8a-b), an
explanation for the important role of external ocean forcing at 10-70 day (and perhaps
near 100 day) periods, highlighted by signicant coherence in this band (Figure 2.9b),
is not explored here.
2.3.2 Ekman and Sverdrup Transports
In this section, properties of Ekman and Sverdrup transport variability at 26N are
described. This concentrates mostly on the NCEP climatology however some reference
is made to the NOC climatology as well. A detailed comparison of Ekman and Sverdrup
transports calculated using the NCEP, NOC and QuikSCAT climatologies is presented
in Chapter 3 where it is shown that zonally integrated transport properties of interest
in this chapter are satisfactorily resolved by NCEP. Some of the transport properties
presented in this Section, particularly relationships with the NAO and long term trends,
are based on analysis presented in more detail in Chapter 3, however they are retained
here both as a useful summary and for use in the discussion.60 Chapter 2. Atlantic Transport Variability at 26N
2.3.2.1 Ekman transports
The seasonal cycle of northward Ekman transport across 26N is shown in Figure 2.3b.
Transport (bold red line) reaches a maximum of +1.8 Sv and +1.2 Sv in mid-January
and mid-July and a minimum of -0.9 Sv in early March and mid-June. No clear annual
periodicity is observed in the seasonal cycle of Ekman transport at 26N, which is further
complicated by a secondary maxima in mid-November (1 Sv) and a secondary minima
in mid-October (-0.7 Sv). The Ekman transport seasonal cycle shown in Figure 2.3b
can be partially understood as the sum of two somewhat distinct seasonal transport
regimes east and west of  50-60W (Figure 2.12b). East of 50-60W, Ekman transport
shows a pronounced semi-annual cycle with maximum northward transport in January
and July and minimum northward transport in March-June and October. West of 50-
60W, Ekman transport shows something of an annual cycle with maximum northward
transport in November and minimum northward transport from February to June.
Figure 2.13 shows wind stress at 26N in a wider North Atlantic context. Transport
maxima in January and July are associated with atmospheric circulation around low and
high SLP centres in the central tropical and mid-latitude Atlantic respectively (Figure
2.14). These act to enhance the mean zonal wind stress at 26N associated with the
westward trade winds (Figure 2.12a). Transport maxima in November are associated
with strong southwesterly wind stress in the western sub-tropical Atlantic driven by
strong SLP gradients between a high pressure over North America and a low pressure in
the central Atlantic near 26N. At 26N, the reduced section-wide coherence of Atlantic
zonal wind stress contributes to a complex seasonal cycle in comparison with latitudes
outside the sub-tropics (Figure 2.13). Seasonal wind stress anomalies are generally much
larger away from the sub-tropical latitudes.
Following the harmonic analysis of the Florida Straits transport, Figure 2.4d shows
annual and semi-annual harmonic components tted to the Ekman transport seasonal
cycle at 26N. The combination of these two harmonics only partly captures the structure
of the observed seasonal cycle (RMS error = 0.5 Sv), possessing amplitudes of 0.43
Sv and 0.62 Sv respectively (Table 2.1). Seasonal cycle features such as the abrupt
January, July and November northward transport maximums are not well resolved by
these low-order harmonics. A comparison of annual and semiannual harmonic properties,
and mean seasonal cycle properties, for the monthly NOC and NCEP climatologiesChapter 2. Atlantic Transport Variability at 26N 61
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Figure 2.12: Ekman (a-c) and Sverdrup (d-f) transports from 77-15W and 77-16.9W
respectively at 26N; (top row) mean transport, (middle row) seasonal cycle (mean
transport removed), (bottom row), seasonal variance (1 std. dev.). All transports are
given in Sv m 1 (Eqns. 2.1 and 2.2, RHS  Lx). Mean Ekman and Sverdrup transports
at 26N are 5:7  10 7 Sv m 1 and  3:3  10 6 Sv m 1 respectively.
(Table 2.2, 1982-2005) reveals good agreement, consistent with Section 3.4.1.4. It is
noted however that the annual phase and month of maximum transport do somewhat
dier between NOC and NCEP (Table 2.2) which is due to small dierences in monthly
mean seasonal structure (Figure 2.16) which are not signicant within standard error.
Harmonic properties are sensitive to small dierences in the dataset of interest, e.g.
the phase of Florida Straits annual and semi-harmonics change by several days when
analysed over slightly dierent periods (see Table 2.1, 1982-2007 and Table 2.2, 1982-
2005).
Figure 2.4e-f shows the interannual variability of the phase and amplitude of the annual
and semi-annual harmonic components for the period 1980-2007. Both harmonic compo-
nents show signicant interannual variability demonstrating that, similar to the Florida
Straits transport, the Ekman transport seasonal cycle is a property that only emerges62 Chapter 2. Atlantic Transport Variability at 26N
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Figure 2.13: The seasonal anomaly of NCEP wind stress (vectors, N m 2) and curl
(0.25  10 7 N m 3 contours; shaded patches denote negative curl) in the sub-tropical
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Figure 2.14: The seasonal cycle of NCEP wind stress (vectors, N m 2) and sea level
pressure (0.5 millibar contours; shaded patches denote negative pressure anomalies) in
the sub-tropical North Atlantic (climatological mean 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from decadal observations of a noisy signal. Estimates (including standard errors) of the
annual and semi-annual coecients that describe in part the Ekman transport seasonal
cycle at 26N are given in Table 2.1. Ekman transport at 26N shows only modest power
at semi-annual and annual periods with signicant power observed across a broad range
of frequencies, particularly in the 5-60 day band (Figure 2.6b). In contrast with the sea-
sonal cycle, this variability shows section-wide coherence at 26N, reaching a maximum
in Winter and early Spring (Figure 2.12c).
A signicant source of Ekman transport variability at 26N is the NAO. The correla-
tion between monthly Ekman transports across 26N and the NAO index is r=0.55,
as previously noted by Josey et al. (2002). Correlation with the NAO index is similar
at sub-annual and interannual and longer timescales (r  0.5) and signicant coher-
ence is seen at various periods ranging from seasonal to decadal (Figure 2.15a-b). NAO
driven Ekman transport variability is in phase section-wide at 26N but with enhanced
variance in the central and eastern basin which is closer to the NAO Azores pressure
centre. EOF analysis reveals a similar section-wide mode of variability accounts for 
60% of both sub-annual and interannual Ekman transport variability at 26N, though
only moderate correlation between PC1 and the NAO index (r  0.5) suggests this is
in part attributable to Azores high variability unrelated to the NAO (see Appendix B).
No obvious relationship with other major modes of Northern Hemisphere atmospheric
circulation is seen in the Ekman transport signal at 26N. Enhanced section-wide vari-
ability, seen from December to March in Figure 2.12c, can be partially attributed to the
NAO which is at it's strongest in boreal Winter.
Regression of Ekman transports integrated across 26N on the NAO index results in a
change of  +1 Sv per NAO index unit (note that this will be greater in Winter as the
NAO index used is eectively normalised such that index variability is not enhanced in
Winter). During positive NAO conditions, a strengthening of the Azores high enhances
the mean easterly wind stress resulting in increased northward Ekman transport. At
multi-decadal timescales, the seasonal cycle shown in Figure 2.3b may be somewhat
biased given the positive mean state of the NAO over the period 1980-2007. Over the
periods 1980-2007 and 1950-1979, the NAO index showed +0.1 and -0.1 mean states
respectively. A comparison with the seasonal Ekman transport cycle for the period
1950-1979 shows that January-March mean northward transport is enhanced by 1.3
Sv in 1980-2007 relative to 1950-1979 (whilst year-round mean northward transport isChapter 2. Atlantic Transport Variability at 26N 65
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Figure 2.15: (a) Coherence of Ekman transport at 26N with monthly NAO index
(1980-2007, horizontal line denotes 95% condence level), (b) Phase corresponding to
coherence in (a) (negative phase denotes NAO leads), (c)-(d) same as (a)-(b) but for
Sverdrup transport at 26N.
increased by 0.2 Sv, see 3.15). This accounts for the January-March seasonal cycle peak
seen in Figure 2.3b which is not apparent during 1950-1979.
2.3.2.2 Sverdrup transports
The seasonal cycle of Sverdrup transport across 26N is shown in Figure 2.3c. Transport
(bold red line) reaches a maximum of +12.4 Sv in early November and a minimum of
-8.0 Sv in early February. A semi-annual periodicity is observed in the seasonal cycle
of Sverdrup transport at 26N (secondary maxima and minima of + 3.8 Sv and - 5.2
Sv are observed in late May and mid-July respectively), though with an asymmetry
resulting from signicantly weakened southward transport in late Autumn. The range
and structure of the seasonal cycle is similar to that previously described for other wind
stress data (e.g. Mayer and Weisberg, 1993). Figure 2.12e shows this semi-annual vari-
ability is present across most of the Atlantic at 26N with greatest amplitude west of 66 Chapter 2. Atlantic Transport Variability at 26N
Property
NCEP NOC Florida
Ekman Sverdrup Ekman Sverdrup Straits
Annual Phase (Days) -45 -106 -73 -105 -175
Annual Amp. (Sv) 0.39 3.28 0.34 3.11 1.20
Semi-Annual Phase (Days) 16 -70 16 -69 60
Semi-Annual Amp. (Sv) 0.55 7.00 0.53 6.58 0.23
Maximum (Sv) 1.1 Jan. 11.3 Oct. 1.0 Jul. 12.1 Oct. 1.3 Jul.
Minimum (Sv) -0.7 Jun. -8.4 Jan. -0.6 Jun. -6.7 Jul. -1.5 Jan.
Range (Sv) 1.9 19.7 1.7 18.7 2.8
Table 2.2: Seasonal properties of Ekman and Sverdrup transport variability at 26N
for monthly NCEP and NOC climatologies (1982-2005), and Florida Straits cable trans-
port (1982-2005). Phase and amplitude of annual and semi-annual harmonics tted to
monthly mean seasonal cycles are shown (upper rows), see Table 2.1 for explanation,
along with properties of the monthly mean seasonal cycle (lower rows).
40-50W. Quite dierent seasonal (and mean; Figure 2.12d) structure is seen however
approaching the eastern basin margin east of  30W which appears partially due to
the seasonal heating and cooling of the West African land mass. The Autumn south-
ward transport minimum occurs due to a combination of almost section-wide northward
transport anomalies from September through November and strong regional cyclonic
circulation around a SLP low that develops seasonally near 26N in the central and
western Atlantic (Figure 2.13).
Similar to the analysis of Florida Straits and Ekman transports, annual and semi-annual
harmonic components are tted to the Sverdrup transport seasonal cycle at 26N (Figure
2.4g). The combination of these two harmonics captures the observed seasonal variability
(RMS error = 1.6 Sv), although the amplitude of the semi-annual component is much
greater (6.4 Sv, see Table 2.1). As for Ekman transports, a comparison of annual and
semiannual harmonic properties and mean seasonal cycle properties for the monthly
NOC and NCEP climatologies (Table 2.2, 1982-2005) reveals good agreement, consistent
with Section 3.4.1.4. The amplitude of annual and semi-annual harmonic components,
and the range of the monthly mean seasonal cycle, is slightly greater for NCEP than
NOC (Figure 2.16), which is surprising given NCEP variability appears damped at most
frequencies (Chapter 3). As noted earlier, harmonic properties are sensitive to slight
changes in the period of analysis, the amplitude of the annual / semi-annual Sverdrup
transport harmonics decreases / increases by  10% for the period 1982-2005 versus
1980-2007.
The interannual variability of the phase and amplitude of these harmonic components forChapter 2. Atlantic Transport Variability at 26N 67
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Figure 2.16: Ekman and Sverdrup transport seasonal transport anomalies at 26N for
monthly NCEP and NOC climatologies (1982-2005). Dark blue line denotes monthly
mean anomalies, light blue envelope is  1 standard error, black line is the sum of
annual and semi-annual harmonics tted to the seasonal anomalies (see Table 2.2).
the period 1980-2007 is shown in Figure 2.4h-i. The semi-annual harmonic shows only
small interannual phase variability with more pronounced variability in amplitude whilst
the annual harmonic is also quite stable but shows greater variability in phase which
acts to modify the semi-annual asymmetry seen for the mean seasonal cycle (Figure
2.3c). Seasonal Sverdrup transports at 26N are therefore more stable from year to year
than either the Ekman or Florida Straits transports, though with some modulation in
amplitude. Annual and semi-annual harmonic coecients (including standard error) are
given in Table 2.1.
The power spectra of Sverdrup transport across 26N show greatest power at semi-annual
period (Figure 2.6c) along with a modest spectral peak at annual period. Signicant
power is observed at most sub-decadal frequencies, including a notable jump in power at
periods <40 days. Across 26N, variability (excluding the seasonal cycle) is enhanced
section-wide from late Autumn to early Spring, though enhanced variability persists
for longer in the western Atlantic (Figure 2.12c). The source of Sverdrup transport68 Chapter 2. Atlantic Transport Variability at 26N
variability across 26N, however, is not clear and likely represents a combination of
several modes of variability.
The relationship between Sverdrup transports across 26N and the NAO index are in-
vestigated in detail in Chapter 3. A summary of these results is provided here. Monthly
Sverdrup transports across 26N show weak but signicant correlation with the NAO
index (r  0.2-0.3) and marginal coherence with the NAO is seen across narrow fre-
quency bands (Figure 2.15c-d). Low-pass ltered Sverdrup transports (36-month cut-o
period) show a stronger correlation with the NAO index, particularly in the central and
western Atlantic basin (r = 0.64, see also DiNezio et al., 2009). The sign of these cor-
relations is somewhat counterintuitive, with a positive NAO resulting in a weakening
of wind driven circulation in the sub-tropical gyre, rather than the expected increase.
This is also reected in regressions of Sverdrup transport across 26N on the NAO in-
dex, which suggest that on multi-annual to decadal timescales a change of  3-4 Sv per
NAO index unit may be expected, i.e. a weakening of mean southward transport and
the sub-tropical gyre in response to positive NAO state.
An explanation for this result is presented in Figure 2.17. A correlation of monthly
NCEP wind stress curl in the North Atlantic with the NAO index (Figure 2.17, top
right) reveals that south of  30N, signicant positive correlation with the NAO is
observed, particularly in the central and western sub-tropical Atlantic. Regression maps
of NCEP, NOC and QuikSCAT wind stress on the NAO (Figure 2.17, bottom) show that
this is related to the development of cyclonic wind stress anomalies in these regions. This
is particularly clear for the NOC and QuikSCAT regressions which show both an anti-
clockwise (cyclonic) curvature of wind stress arrows east of Florida and the Caribbean
(and over the Gulf of Mexico), along with a general southward diminishment of westerly
wind stress south of 30N (which leads to cyclonic wind stress anomalies because of the
negative value of the meridional gradient of zonal wind stress, see Equation 2.3). Similar
gures can be seen in DiNezio et al. (2009) except that wind stress curl variability in the
pass band 3-12 years is shown. The spatial correlations seen by DiNezio et al. (2009)
are similar in pattern but stronger in magnitude than those of Figure 2.17 (correlations
reach  0.6) reecting a reduction in small scale wind stress curl variability at interannual
timescales. This is consistent with the stronger correlation of zonally integrated Sverdrup
transport with the NAO at multi-annual timescales described above. It is noted that
although this multi-annual correlation is signicant, it can only be evaluated over aChapter 2. Atlantic Transport Variability at 26N 69
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Figure 2.17: Correlation of NCEP wind stress (1980-2007) with the NAO index in the
subtropical North Atlantic for zonal wind stress (top left), meridional wind stress (top
centre) and wind stress curl (top right). Bold lines represent 95% condence intervals
(where at each grid point the one-sided auto-correlation function is integrated out to
the rst zero crossing to obtain an integral timescale, which is then used to estimate the
degrees of freedom in the correlation). Regression maps of NCEP (1980-2007), NOC
v1.1 (1980-2005) and QuikSCAT (2000-2007) wind stress on the NAO index are shown
in the bottom left to right panels respectively.
few cycles of variability and would be worth re-appraising as longer wind stress records
become available. In 2009, both the NAO index and Sverdrup transport at 26N were
again approaching a minima suggesting in the near future this relationship will remain
robust (Figure 4.17).
An EOF analysis of sub-annual Sverdrup transport variability reveals no dominant
modes exist (see Appendix B). EOFs 1 and 2 have section-wide structure but account
for < 50% of variance and show no clear correlation with any major mode of North-
ern Hemisphere atmospheric circulation (apart from a weak correlation of EOF1 with
the NAO). At interannual timescales, EOF1 (45% of variance) reveals variability that is
somewhat concentrated in the central and western Atlantic, and shows reasonable corre-
lation with the NAO. It is noted that SLP anomalies associated with NAO related modes
of variability dier from the climatological mean SLP eld (Appendix B), emphasising
the results of Figure 2.17 that NAO variability does not simply result in a spin up of the70 Chapter 2. Atlantic Transport Variability at 26N
sub-tropical gyre. It is also noted that the less spatially coherent nature (more localised
longitudinally and latitudinally) of sub-decadal wind stress curl variability at 26N, in
comparison with modes of zonal wind stress variability (Ekman transports), emphasises
the greater small scale variability in the wind stress curl eld. As noted above, this small
scale variability diminishes the relationship between the NAO and wind stress curl at
inter-annual and shorter timescales which is not the case for Ekman transports.
At decadal timescales, the seasonal cycle (Figure 2.3c) does appear biased by the pos-
itive mean state of the NAO for the period 1980-2007. Comparison with the seasonal
Sverdrup transport cycle for the period 1950-1979 (when the NAO index shows negative
mean state) demonstrates January-March mean southward transport (when the NAO
is strongest) is reduced by 3.6 Sv in 1980-2007 relative to 1950-1979 (see Figure 3.15).
Annual mean southward transport is reduced by 1 Sv. This result should be approached
with some caution. From 1980-2005 the NOC v1.1 climatology shows a negative Sver-
drup transport trend of order -0.2 Sv yr 1 compared to a positive trend of order +0.1
Sv yr 1 for NCEP (Section 3.4.1.3, Longworth, 2007) and therefore it is not clear how
reliable decadal and longer period wind stress curl variability (and therefore long-term
relationships with the NAO) may be.
2.3.3 Error in the Florida Straits, Ekman and Sverdrup transport
timeseries
Whilst this analysis has mostly followed a statistical approach, measurement errors are
now briey discussed. For the Florida Straits transport, errors in daily mean instan-
taneous (3-day low-pass ltered) measurements amount to 1.7 Sv RMS with the errors
predominantly random (Larsen, 1992; Meinen et al., 2010). The observed variability of
daily Florida Straits transports is 3.3 Sv RMS, thus random errors account for  25% of
variance and the signal to noise ratio is substantial. Much of this analysis uses monthly
mean Florida Straits transports, constructed from 15 or more daily values (following
DiNezio et al., 2009) so random measurement error associated with monthly means is
a maximum of  0.4 Sv RMS (1:7=
p
15). The observed variability of monthly Florida
Straits transport is 2.4 Sv RMS, thus measurement errors account for only about 3%
of variance and the signal to noise ratio is large. Transport (cable voltage) biases areChapter 2. Atlantic Transport Variability at 26N 71
removed through comparison with transport estimates from regular occupations of the
Florida Straits section (Meinen et al., 2010).
For monthly Ekman and Sverdrup transports across 26N, dierences in mean transport
between climatologies provide an estimate of bias whilst r2 values and RMS dierences
(between demeaned and detrended timeseries) provide an estimate of random error (be-
cause NCEP-NCAR assimilates QuikSCAT data, the two cannot be considered strictly
independent). For Ekman transports, mean transports for 2000-2005 (where the NCEP-
NCAR, NOC v1.1 and IFREMER MWF QuikSCAT climatologies overlap) have a range
of 0.2 Sv, whilst r2 values are > 0:9 (indicating over 90% of the timeseries variance is
accounted for between climatologies) and RMS dierences range from 0.5-0.8 Sv (in
comparison with NCEP Ekman transport variability of 1.9 Sv RMS). Ekman transport
variability across 26N appears well dened relative to the dierences (random errors)
between climatologies. The mean bias estimated here is consistent with the more con-
servative estimate used by Rapid-WATCH of  0.5 Sv (Kanzow et al., 2010) accounting
for uncertainties in wind measurements and drag coecient. For Sverdrup transports,
mean transports for 2000-2005 have a range of  3 Sv (though this is more a result
of diering climatology trends), r2 values range from  0.6-0.8 and RMS dierences
range from 6.0-8.5 Sv (in comparison with NCEP Sverdrup transport variability of 8.0
Sv RMS). Sverdrup transport variability across 26N appears reasonably coherent be-
tween climatologies but care should be taken interpreting short sections of the record
where dierences between climatologies may be comparable in magnitude to the signal
of interest. This analysis only addresses Sverdrup transport properties derived from the
full record.
2.4 Discussion
2.4.1 Comparison of Florida Straits, Ekman and Sverdrup transport
seasonal cycles
The long-term mean seasonal transport anomalies of the Florida Straits, Ekman and
Sverdrup transports at 26N are presented in Figure 2.3. All three seasonal cycles are
both well dened and distinct from one another. The Florida Straits seasonal cycle has
a dominantly annual periodicity whilst the seasonal cycle of Sverdrup transport has a72 Chapter 2. Atlantic Transport Variability at 26N
clear semi-annual component (Table 2.1). Seasonal Ekman transport integrated across
26N has no dominant annual nor semi-annual component. No obvious relationship
exists between any of these three timeseries.
The large semi-annual amplitude of Sverdrup transports east of the Florida Straits is not
matched by an equivalent anti-phased response in the Florida Straits, as predicted by
simple Sverdrup dynamics. Instead, the Florida Straits has a semi-annual component of
much smaller amplitude (though somewhat in anti-phase, Table 2.1) due to the blocking
eect of the continental shelf and Bahamian islands (Anderson and Corry, 1985a). The
same is true of the annual components of the Florida Straits and Sverdrup transports,
which show no anti-phased relationship and a large dierence in amplitude. This dis-
agreement between the observed Florida Straits seasonal cycle and that predicted by
Sverdrup dynamics has long been known (e.g. Schott and Zantopp, 1985). The seasonal
cycle in Florida Straits transport is instead thought to be set chiey by meridional wind
stress local and downstream to the channel, a view supported by this analysis.
The general dierence in appearance of Florida Straits, Ekman and Sverdrup transport
seasonal cycles is a result of the contrasting structure of the meridional, zonal and curl
wind stress elds near 26N. In the western sub-tropical Atlantic, northward Summer
wind stress reverses to southwestward wind stress in late Autumn (Figure 2.13), driving
both the Florida Straits annual cycle and strong northward regional Ekman transport in
Autumn. In the central and eastern Atlantic at 26N, Ekman transport is semi-annual
in character, leading to an integrated basinwide seasonal transport of quite irregular
character. Whilst Ekman and Sverdrup semi-annual components are nearly in anti-
phase (i.e. westward wind stress appears associated with negative wind stress curl) the
semi-annual component of wind stress curl is more in phase across the basin (except
approaching the eastern boundary, Figs. 2.12e and 2.13) leading to a Sverdrup transport
seasonal cycle with clear semi-annual periodicity.
2.4.2 Emergence of the Florida Straits seasonal transport cycle from
a noisy signal
For the Florida Straits transport (1982-2007) a seasonal cycle possessing a clear annual
period emerges from the observations. This is in contrast to earlier work that envisaged a
more asymmetric seasonal structure (e.g. Schott and Zantopp, 1985; Leaman et al., 1987;Chapter 2. Atlantic Transport Variability at 26N 73
Schott et al., 1988; Lee and Williams, 1988; Greatbatch and Goulding, 1989; Rosenfeld
et al., 1989; Boning et al., 1991; Fanning et al., 1994) or the possible emergence of a semi-
annual like structure in the 1990s (Baringer and Larsen, 2001). Whilst some asymmetry
of the long-term seasonal cycle is revealed by harmonic analysis, this asymmetry is
marginal and the Florida Straits seasonal transport cycle is dominated by its annual
component (Table 2.1).
The Florida Straits transport timeseries at 26N is very noisy relative to its seasonal
cycle resulting in large year to year variability of the annual and semi-annual harmonic
components about their long term means (Figure 2.4a-f). In the case of such noisy data,
there is a need for decadal length datasets when estimating even basic seasonal properties
and caution should be exerted when calculating similar properties for other shorter
timeseries. Apparent changes in the seasonal cycle of Florida Straits transports over 8-
year periods provide an ideal case study of the hazards involved when estimating seasonal
properties using relatively short datasets. Whilst Florida Straits seasonal transports
constructed from monthly means appear quite dierent in structure when comparing 8-
year periods, this can be the result of contamination by variability at other frequencies
while the underlying seasonal cycle is stable. This is in agreement with Meinen et al.
(2010) who use a Monte Carlo style evaluation to conclude the 8-year changes in seasonal
cycle are not statistically dierent from each other. The Ekman transport seasonal cycle
at 26N also only emerges from decadal length observations.
A caveat to the above discussion is acknowledged. The model decompositions of An-
derson and Corry (1985b) and Fanning et al. (1994) show the Florida Straits seasonal
transport cycle results from the combined eects of several regional wind stress pa-
rameters. Whilst no single wind stress parameter showed evidence of relative changes
matching those seen in the Florida Straits over 8-year periods (suggesting the Florida
Straits seasonal cycle has not changed over time, Section 2.3.1.2 and Figure 2.7), sub-
tle changes of several parameters cannot be as easily ruled out as a possible mechanism
driving changes in the seasonal transport cycle. Further study of this issue may therefore
be warranted.
The Florida Straits transport timeseries shows signicant power at most periods > 5
days and around a third of the variance lies in the period band 60-720 days (excluding the74 Chapter 2. Atlantic Transport Variability at 26N
seasonal cycle). This band contributes signicantly to the noise that obscures calcula-
tions of the seasonal cycle from short records. Figure 2.18 emphasises this point, showing
that signicant power remains at annual and semi-annual periods for the daily Florida
Straits transport timeseries following removal of the long-term annual and semi-annual
harmonic components calculated in Section 2.3.1. It is clear that stochastic variability at
seasonal and near seasonal periods can obscure investigations of the underlying seasonal
cycle. Appendix A describes an attempt to dene the source of variability at 60-720
days. Variability at these timescales is of particular interest for interpreting the present
5 year Rapid-WATCH timeseries but has received relatively little attention in the lit-
erature. An intensive study of the Florida Current made during the STACS program
by a variety of measuring techniques had provided some information on the structure of
variability in the Florida Straits (e.g. Molinari et al., 1985; Leaman et al., 1987; Schott
et al., 1988), however the relatively short time scale of the STACS observations (a few
years) made it dicult to resolve variability on the sub-annual to interannual periods of
interest here.
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Figure 2.18: Power spectra for the daily Florida Straits transport (1982-1998; prior
to the gap in the timeseries). Power spectra are calculated for the full daily timeseries
(black), and with long-term mean annual and semi-annual components removed (red,
see Figure 2.4a).
Good reason exists to believe that at 60-720 day timescales, Florida Straits transport
variability may be related to local or regional wind stress. At sub-decadal timescales the
continental shelf and Bahama islands act to shield the Florida Straits from mid-oceanic
wind stress variability (Anderson and Corry, 1985a). Mayer and Weisberg (1993) found
signicant coherence in the 182-393 day period band between sea level dierence acrossChapter 2. Atlantic Transport Variability at 26N 75
the Florida Straits near 26.5N (a proxy for Florida Current volume transport) and the
shore-parallel wind stress component north of the straits (from the COADS dataset)
for the period 1982-1988 and concluded that coastally trapped waves are important
for the annual cycle of transport within the straits. In this analysis, no signicant
relationships are found at 60-720 day periods (excluding the seasonal cycle) between
Florida Straits variability and local, regional or remote North Atlantic wind stress. In
combination with results from a 1/4 eddy-permitting ocean model, this suggests that
internal oceanic processes (e.g. mesoscale features) play an important role in variability
at these periods.
A detailed investigation of this internal ocean variability is beyond the scope of this
work, however possible sources can be discussed. The magnitude of Florida Straits
transport variability at 60-720 periods (std. dev. 1.9 Sv, excluding the seasonal cycle)
is comparable to geostrophic interior oceanic variability estimated at similar periods at
26N attributed to eddy activity (std. dev. 2.5 Sv, Kanzow et al., 2009) and westward
Rossby wave propagation (std. dev. 2.3 Sv, Hirschi et al., 2007). Transport variability
driven by westward propagating baroclinic upper-ocean eddies has also been observed to
modulate the Antilles Current east of the Florida Straits at timescales of several months
(Halliwell et al., 1991b; Lee et al., 1996; Johns et al., 2008), although the blocking eect
of topography may limit the eects of similar eddies on the Florida Current (Anderson
and Corry, 1985a). Another possible source of variability may be southward propagat-
ing shelf waves. Evidence of coherent changes in sea surface height along the western
Atlantic margin that may be related to such signals has been found (Hughes and Mered-
ith, 2006). Model studies suggest that at sub-interannual timescales AMOC variability
at 26N is not obviously coherent with AMOC changes at other latitudes (Bingham
et al., 2007), including when time lags associated with Kelvin wave propagation are
accounted for (Hirschi et al., 2007), because local transport variability is thought to ob-
scure meridional signals that may facilitate basin scale changes (Johnson and Marshall,
2002). Greatbatch et al. (1995) found sub-annual Florida Straits transport variability of
baroclinic origin in the WOCE-CME model though no particular source was identied;
the authors highlighted northward advection of density anomalies in the Florida Current
as a further possible source of variability to those mentioned above.76 Chapter 2. Atlantic Transport Variability at 26N
2.4.3 The relationship of Florida Straits, Ekman and Sverdrup trans-
port variability to the AMOC
The Florida Straits and Ekman transports combined comprise almost the entire north-
ward ow of water at 26N. These components, along with mooring measurements of
southward geostrophic Upper Mid-Ocean Transport (UMOT), are used by the Rapid-
WATCH array to continuously measure AMOC variability at 26N at periods greater
than 10 days (e.g. Cunningham et al., 2007; Kanzow et al., 2007, 2010).
2.4.3.1 Seasonal and sub-seasonal AMOC and heat transport variability
Seasonal variability Four years of observations by the Rapid-WATCH array has
revealed that the AMOC at 26N possesses a large seasonal cycle with peak to peak
amplitude of 6.7 Sv (Kanzow et al., 2010). The contribution of Florida Straits and
Ekman transports to seasonal AMOC variability is now considered. Figure 2.19a shows
the sum of Florida Straits and Ekman seasonal transports, along with the projection of
the sum on the AMOC assuming barotropic compensation. Projection on the AMOC is
obtained through multiplication with the scale factor 3700/4800 (where compensating
barotropic ow is assumed from the surface to 4800m, and the AMOC stream-function
maxima is taken as 1100m, Kanzow et al., 2010, a scale factor of 4800 1100
4800 is therefore
used). Barotropic compensation of Ekman transport variability has been demonstrated
in several studies (e.g. Jayne and Marotzke, 2001; Kanzow et al., 2007) whilst bottom
pressure measurements east of the Florida Straits (available to 4800m depth) suggest
that Florida Straits transport variability is compensated locally by a barotropic trans-
port adjacent to the continental shelf (Bryden et al., 2009). The sum of the Ekman
and Florida Straits seasonal cycles projects on the AMOC with a long-term seasonal
cycle range (peak-to-peak amplitude) of 3.5 Sv (Figure 2.19a, dashed black line). Figure
2.19b also shows the projection of the combined annual and semi-annual Florida Straits
and Ekman transport harmonics on the AMOC, which have a long-term seasonal cycle
range of 2.1 Sv. The dened July maxima arises when the dominant annual and semi-
annual cycles of the Florida Straits and Ekman transports respectively come into phase
in Summer.Chapter 2. Atlantic Transport Variability at 26N 77
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Figure 2.19: Seasonal cycles at 26N of Florida Straits transport (blue), Ekman
transport (red), total Ekman and Florida Straits transports (black) and projection
of the total on the AMOC (dashed black; black line multiplied by 3700/4800, which
assumes barotropic compensation of total transport, see text). (a) 30-day low-pass
mean daily transports (see Figure 2.3); Florida Straits, Ekman, Total and AMOC
seasonal range = 3.3 Sv, 2.8 Sv, 4.6 Sv and 3.5 Sv respectively, (b) combined annual
and semi-annual harmonics (see Figure 2.4); Florida Straits, Ekman, Total and AMOC
seasonal range = 2.5 Sv, 1.9 Sv, 2.7 Sv and 2.1 Sv respectively.
The Ekman and Florida Straits seasonal transport cycles calculated in this study have
a greater range (peak-to-peak amplitude) than those used by Kanzow et al. (2010) to
evaluate the AMOC seasonal cycle. Kanzow et al. (2010) give peak-to-peak amplitudes
of 3 Sv and 2.1 Sv for long term (1982-2008) Gulf Stream and Ekman transports re-
spectively, which are incorporated into a best guess peak-to-peak amplitude of 6.7 Sv
for the AMOC seasonal cycle. These values are smaller than the peak-to-peak ampli-
tudes of 3.3 and 2.8 Sv calculated in this study for Gulf Stream and Ekman transports
respectively (Figures 2.3 and 2.19a) when estimated over similar period (1982-2007 and
1980-2007 respectively). The main reason for this is that Kanzow et al. (2010) rely on
monthly averages to estimate seasonal properties, whereas this study applies a 30-day
low-pass lter to daily means which resolves seasonal peaks and troughs more precisely.
Seasonal upper-ocean transports are also found to increase in range in comparison with
Kanzow et al. (2010) (estimated from Rapid-WATCH data) when using this low-pass
lter approach (Section 4.3.1.4, Figure 4.8). As stated above, the range of the Ekman
and Florida Straits seasonal transports combined is 4.6 Sv and their projection on the
AMOC seasonal cycle is 3.5 Sv. This combined Ekman and Florida Straits contribu-
tion is not appraised in detail by Kanzow et al. (2010) but is responsible for the July
maximum of the AMOC seasonal cycle. This suggests the peak-to-peak amplitude of
the AMOC seasonal cycle reported by Kanzow et al. (2010) (based on four years of78 Chapter 2. Atlantic Transport Variability at 26N
Rapid-WATCH data) may be underestimated.
This possibility is considered in Figure 2.20 where Ekman and Gulf Stream seasonal
cycles from this study are added to upper mid-ocean transports from the 5-year Rapid-
WATCH dataset (April 2004-April 2009) to get a seasonal AMOC transport. Following
Kanzow et al. (2010), the seasonal compensation transport for the 5-year Rapid-WATCH
Ekman and Florida Straits transports is removed from the upper mid-ocean transport
and compensation for the long term Ekman and Florida Straits seasonal cycles is added
in instead (this assumes barotropic compensation, i.e. that 1100/4800 of the Ekman
and Gulf Stream transport compensation occurs in the upper mid-ocean, as for Figure
2.19). In comparison with the results of Kanzow et al. (2010), the upper mid-ocean and
AMOC seasonal cycle ranges are increased from 5.9 Sv and 6.7 Sv, to 7.3 Sv and 8.7
Sv respectively, and the AMOC shows more pronounced March minima and July and
November maxima (Figure 2.20). This is because of the more precise quantication of
all three of the AMOC seasonal components in this study and suggests the best guess
peak-to-peak amplitude of the AMOC seasonal cycle reported by Kanzow et al. (2010) is
underestimated by 2 Sv. Note that in this study the Ekman and Florida Straits seasonal
cycles are calculated using a 30-day low-pass lter, whilst the upper mid-ocean seasonal
cycle is calculated using a 60-day low-pass lter to account for the shorter 5-year record
of upper mid-ocean transport that is presently available (and therefore more noise in its
daily means, Figure 4.9).
Using the seasonal transports shown in Figure 2.19a, seasonal meridional heat transport
is also calculated for Florida Straits and Ekman transports at 26N. For each transport:
Qnet = cpVnn   cpVss; (2.6)
where Qnet = seasonal net heat transport for the Florida Straits or Ekman (J s 1),
V = seasonal meridional transport (Sv),  = seasonal transport weighted potential
temperature of meridional ow (C),  = density of seawater (taken as 1025 kg m 3),
cp = specic heat of seawater (3994 J kg 1 C 1) and subscripts `n' and `s' refer to
northward and compensating southward ows.
For Florida Straits heat transport, the term cpVnn takes Vn to be the seasonal trans-
port (Figure 2.19, red line + mean transport of 32.1 Sv) and n as the mean annual cycleChapter 2. Atlantic Transport Variability at 26N 79
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Figure 2.20: An estimate of the AMOC seasonal cycle at 26N based on Ekman trans-
port (1980-2007) and Florida Straits transport (1982-2007) seasonal cycles calculated in
this chapter (Figure 2.3 ,with mean transports included) and the upper mid-ocean sea-
sonal cycle from the 5-year Rapid-WATCH timeseries (April 2004-April 2009, Section
4.3.1.4, Figure 4.8). The AMOC seasonal cycle is the sum of Ekman, Florida Straits
and upper mid-ocean components. The seasonal compensation transport for the 5-year
Rapid-WATCH Ekman and Florida Straits transports is removed from the mid-ocean
seasonal cycle, and compensation for the long-term Ekman and Florida Straits seasonal
cycles included instead, following Kanzow et al. (2010) (see text).
of observed Florida Current ow weighted temperature2 (min. 19.05 C, max. 19.67 C,
see Shoosmith et al., 2005, Figure 4). For Ekman transport, cpVnn takes Vn to be the
seasonal transport (Figure 2.19, blue line + mean transport of 3.6 Sv) and n as the
mean seasonal cycle of the Ekman layer (surface to 100m) potential temperature at 26N
computed using the Hydrobase 2 database (a seasonally averaged hydrographic clima-
tology, http://www.whoi.edu/science/PO/hydrobase). Note that monthly Hydrobase
Ekman layer temperatures are converted to daily values using cubic spline interpolation
giving a smooth annual cycle of range 3.3 C (September maxima = 24.9 C, March
minima = 21.6 C). Despite longitudinal variations in seasonal Ekman transport ow
across 26N, n (the ow weighted potential temperature) is calculated using a zonally
averaged potential temperature value due to the relatively small variations in potential
2Florida Current ow weighted temperature data are kindly provided by Deb Shoosmith, British
Antarctic Survey, Cambridge, UK.80 Chapter 2. Atlantic Transport Variability at 26N
temperature in the surface ocean across the section. If n is calculated using near sur-
face (5 dbar) potential temperature following Wijfells et al. (1994), seasonal Ekman /
combined Ekman + Florida Straits heat transport range increases by 0.02 / 0.03 PW
due to increased seasonal range of the n term.
For the barotropic return ows of northwards Florida Straits and Ekman transports,
Vs = Vn to maintain mass balance. For the Florida Straits return ow, s is taken
as the mean seasonal potential temperature of seawater adjacent to the Bahamian
continental shelf calculated combining Rapid-WATCH mooring data from 100-4800m
(www.noc.soton.ac.uk/rapidmoc, April 2004-April 2007) and Hydrobase 2 Ekman
layer temperature (as above) where mooring data is patchy. For the Ekman return
ow, s is taken as the mean seasonal potential temperature of seawater in the basin in-
terior from 0-4800m at 26N, calculated using Hydrobase 2 (monthly interior Hydrobase
2 temperatures are converted to daily values using cubic spline interpolation, as for Ek-
man layer temperatures). s has a mean of 5.41 C and 5.62 C for the Florida Straits
and Ekman transport return ows respectively. The seasonal range of s in both cases
is small, < 0.2 C.
Both Florida Straits and Ekman seasonal heat transports at 26N have similar struc-
ture to their respective seasonal mass transports (Figure 2.21). This occurs because
both seasonal heat transports are chiey attributable to seasonal advection of the mean
temperature eld, though the contributions made by temperature variations (advected
in the mean ow) are not negligible, particularly in the Florida Straits (Figure 2.21).
The seasonal range of Florida Straits, Ekman and combined heat transports at 26N
is 0.25 PW, 0.20 PW and 0.40 PW respectively. This is of comparable magnitude to
the seasonal range of 0.6 PW estimated for basin-wide meridional heat transport at
26.5N based on Rapid array observations (Johns et al., 2011) whose Summer maximum
is attributable to its Ekman and Florida Straits components.
Sub-seasonal variability Four years of measurements by Rapid-WATCH has re-
vealed that Gulf Stream, Ekman and UMOT variability are uncorrelated and therefore
at sub-annual and seasonal timescales these components contribute independently to
AMOC variability (dened as the meridional overturning stream-function maximum).
The Gulf Stream (Florida Straits) and Ekman transport variability investigated in thisChapter 2. Atlantic Transport Variability at 26N 81
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Figure 2.21: A decomposition of seasonal heat transport anomalies in the Florida
Straits and for Ekman transports across 26N. Black line = seasonal heat transport
anomaly (V:T  V:T), Blue line = V 0: T, Red line =  V :T 0, Green line = V 0:T 0; where V
denotes seasonal transport, T denotes seasonal transport weighted potential tempera-
ture, overbars denote means and apostrophes denote seasonal variability.
chapter and summarised in Section 2.5 can therefore be considered to contribute di-
rectly to AMOC variability at 26N. As for seasonal variability, the compensation of
sub-seasonal variability of Ekman and Florida Straits transports is barotropic thus their
contribution to AMOC variability can be simply estimated by multiplication with the
scale factor 3700/4800 (where compensating barotropic ow is assumed from the surface
to 4800m, and the AMOC stream-function maxima is taken as 1100m, Kanzow et al.,
2010). This means for example that at subannual timescales, the NAO and AMOC
index are positively correlated, with an expected AMOC change of  +0.8 Sv per NAO
index unit, which is eected via Ekman transport which is correlated with the NAO and
its barotropic compensation.
At sub-seasonal and seasonal timescales, Rapid-WATCH has revealed AMOC variability
of 4.8 Sv RMS, with Ekman and Florida Straits variability of 3.5 and 2.9 RMS (10-day
low-pass ltered) over the same period (Kanzow et al., 2010). Ekman and Florida Straits
transport variability therefore makes a signicant contribution to AMOC variability at
these timescales. Heat transports for sub-seasonal Ekman and Florida Straits variability
are not calculated here but similar to seasonal variability they are dominated by their
V 0: T term (advection of the mean temperature eld, Johns et al., 2011). For sub-
interannual variability, Florida Straits and Ekman heat transport timeseries at 26N82 Chapter 2. Atlantic Transport Variability at 26N
will therefore have similar structure to their respective seasonal mass transports.
Because of strong non-seasonal variability, the Florida Straits and Ekman mass transport
timeseries require long records to accurately calculate their seasonal properties (Section
2.4.2). The seasonal mass and heat transports discussed here for Ekman and Florida
Straits ows, along with their projection on the AMOC, are the best and most reliable
estimates presently available. The estimate of the UMOT component of seasonal AMOC
variability made by Rapid-WATCH from 4 years of data (Kanzow et al., 2010) is less
robust and seasonal AMOC variability may need reappraising in the future. Indeed, the
fth year of Rapid-WATCH data shows little evidence of an annual cycle in the UMOT
(Figures 4.8 and 4.7).
2.4.3.2 An index for multi-annual AMOC variability
The AMOC index The Florida Current comprises northward ow of the subtropical
gyre and warm water return ow of the Atlantic thermohaline circulation (Schmitz and
Richardson, 1991). In combination with Ekman transport, this represents almost all the
northward ow across 26N. In the upper mid-ocean between Africa and the Bahamas,
water recirculates southward in the sub-tropical gyre. In theory, this southward ow
in the upper 1000 metres of the mid-ocean section is related to the basinwide integral
of Sverdrup transport. If Florida Straits, Ekman and Sverdrup transports are added
together, the residual northward ow should equal the strength of the upper limb of the
overturning circulation at 26N. The sum of these components is therefore proposed as
an index for AMOC variability.
The AMOC index is expected to resolve variations in the AMOC only on multi-annual
timescales because changes in wind stress curl (which drive changes in Sverdrup trans-
port) take time to propagate across the basin width and eect a change in thermocline
structure at the western boundary (Anderson and Corry, 1985a). A change in wind
stress curl in the eastern basin may take several years to eect a change at the western
boundary, and an analysis by DiNezio et al. (2009) suggested that changes occur with a
typical time lag of a few years. The AMOC index is therefore low-passed at 24-month
period to provide a more realistic representation of multi-annual AMOC variability.Chapter 2. Atlantic Transport Variability at 26N 83
The AMOC index is intended as an observations-based measure that takes advantage of
nearly 30 years of regular wind and western boundary current observations at 26N. For
this reason the AMOC index makes use of Ekman and Sverdrup transports calculated
using wind stress from the NOC climatology which is based on shipboard observations.
The AMOC index and its components are shown in Figure 2.22 (both at monthly reso-
lution and low-passed at 24-months). Sverdrup transport presented here diers slightly
from that presented elsewhere in this chapter and in Chapter 3 in that Ekman transport
has been subtracted from the Sverdrup transport values calculated following Equation
2.2. This is because Sverdrup transports calculated above give total top to bottom
ow in the wind driven layer, which already includes an ageostrophic northward Ekman
transport. By subtracting Ekman transport, the Sverdrup transports shown in Figure
2.22 and given in Table 2.3 represent the geostrophic portion of the total wind driven
ow. Mean southward Sverdrup transports are therefore  4 Sv greater than discussed
elsewhere in this study.
AMOC index variability and trends Table 2.3 gives properties of the AMOC
index (low-passed at 24-months). Values for an index calculated using NCEP Ekman
and Sverdrup transports are included for comparison. As shown in Chapter 3, NCEP
Ekman and Sverdrup transport variability is damped relative to NOC, leading to reduced
Property (Sv)
Ekman
Transport
Sverdrup
Transport
Gulf
Stream
AMOC
Index
NOC mean 3.9 -25.0
32.2
11.2
NCEP mean 3.7 -24.0 12.0
NOC std. dev. 0.6 2.5
1.3
2.4
NCEP std. dev. 0.5 1.9 2.1
NOC std. dev. (DT) 0.5 2.1
1.2
2.1
NCEP std. dev. (DT) 0.5 1.9 2.0
NOC trend
0.02
-0.01 0.05
-0.26
-0.39 -0.14
0.03
-0.06 0.12
-0.22
-0.34 -0.10
NCEP trend
0.01
-0.02 0.04
0.05
-0.07 0.16
0.08
-0.03 -0.19
Table 2.3: Properties of the AMOC index (1982-2005) and its components; Ekman
transport, geostrophic Sverdrup transport (total Sverdrup transport minus Ekman
transport, see text), and Florida Straits transport. Index properties are presented
using Ekman and Sverdrup transports from both NOC and NCEP climatologies. All
timeseries have been low-pass ltered at 24-month period with one lter width removed
from each end of the ltered timeseries. All units are Sv, except trends which are Sv
yr 1. Numbers in italics give 95% condence limits for trends. DT refers to timeseries
with a best t linear trend removed.84 Chapter 2. Atlantic Transport Variability at 26N
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Figure 2.22: An AMOC index for multi-annual AMOC variability, (a) AMOC in-
dex components: Florida Straits transport (red), NOC Ekman transport (blue), NOC
geostrophic Sverdrup transport (total Sverdrup transport minus NOC Ekman trans-
port, see text), (b)-(c) the AMOC index (sum of the AMOC components). (a)-(b)
show monthly and 24-month low-pass timeseries, (b) includes a 48-month low-pass
timeseries (red), (c) shows just low-pass AMOC indices.Chapter 2. Atlantic Transport Variability at 26N 85
AMOC index variability. This is mainly due to diering linear trends in the NCEP and
NOC Sverdrup transports, which are statistically separate at 95% condence intervals.
Broadly however, the AMOC index suggests AMOC multi-annual variability of std. dev.
 2 Sv, which is slightly enhanced if linear trends are included.
The NCEP / NOC AMOC indices show trends which are statistically dierent at 95%
condence intervals, amounting to an increase / decrease in AMOC strength of order 
+2 /  4 Sv respectively from 1984 to 2004. The weakening of the AMOC predicted by
the NOC index is due to enhanced geostrophic recirculation (Sverdrup transport) across
the upper mid-ocean section which is not compensated by an increase in either Ekman
or Gulf Stream transport3. Bryden et al. (2005b) also suggest a weakening of the AMOC
over a similar period due to enhanced recirculation across the mid-ocean section, though
this result has been questioned given sparse sampling and large short term uctuations
(Cunningham et al., 2007). Other studies suggest an increase in AMOC strength of a few
Sverdrups during the 1980s and 1990s, inferred indirectly from SST observations (Latif
et al., 2006) and altimetry and ARGO oat data (Willis, 2010) at 41N, a decline in
AMOC strength in the 1990s based on sea surface height in the sub-polar gyre (Hakkinen
and Rhines, 2004), or no trend in AMOC strength based on current meter observations
of the DWBC at 43N and at the exit of the Labrador Sea (Schott et al., 2006; Fischer
et al., 2010). Many models predict an increase in AMOC strength over this period as a
result of enhanced convection in the Labrador Sea driven by the NAO (e.g. Eden and
Willebrand, 2001; Biastoch et al., 2008). Chapter 3 concludes that it is not possible to
say with condence whether the NCEP or NOC Sverdrup transport trend is accurate.
The use of the AMOC index as a measure of decadal AMOC variability is therefore
limited by the reliability of the wind stress climatologies available.
An AMOC index response to the NAO Figure 2.22 includes an AMOC index
low-passed at 48-months (red line). This is included because NCEP and NOC Sverdrup
transports show greater coherence at these timescales (Figure 3.5) and the sub-tropical
gyre is more likely to reach Sverdrup balance at longer timescales (Anderson and Corry,
1985a). The 48-month low-pass AMOC index (AMOC48) could therefore be considered
3Florida Straits transport for the full 1982-2008 daily transport record (where gaps in the record are
interpolated over linearly) has a non-signicant positive trend of 0.0044 Sv yr
 1, with upper and lower
95% condence intervals of 0.0475 and -0.0387 Sv yr
 1 and p=16% (probability the trend is statistically
dierent from zero). The timeseries has an integral timescale of 25 days and  400 degrees of freedom.86 Chapter 2. Atlantic Transport Variability at 26N
more robust than the 24-month low-pass AMOC index (AMOC24). Although variability
of the AMOC48 index is reduced relative to AMOC24 (Figure 2.22), de-trended index
variability (using the NOC climatology) still approaches 1 Sv RMS with a range of
nearly 5 Sv over the period 1986-2002. Like the AMOC24 index, the AMOC48 index
also suggests considerable AMOC variability over the past few decades.
The decline in the AMOC48 index from the mid-1980s to mid-1990s and its subsequent
recovery is mostly due to Sverdrup transport variability which is uncompensated by
Florida Straits transport anomalies of the opposing sense (Figure 2.22). The mini-
mum in the AMOC48 index in the mid 1990s (Figure 2.22) coincides with a strongly
negative NAO index (Figure 3.13) and might be considered an AMOC response to the
NAO. Coherence of Sverdrup transport with the NAO index is enhanced at multi-annual
timescales (Section 2.3.2.2) where a change in upper-mid ocean circulation of  + 3-4
Sv per NAO index unit is observed in the central and western portions of the 26N
section. This will lead to an NAO driven decrease in the AMOC48 index of 3-4 Sv per
unit decrease of the NAO index where not compensated by an increase in Gulf Stream
transport.
During positive NAO state, the AMOC index suggests a reduction in upper ocean sub-
tropical gyre recirculation occurs leading to an increase in the AMOC at 26N. This
result could be interpreted in two ways. Firstly, that reduced recirculation of warm Gulf
Stream waters in the subtropical gyre leads to an increase in the northward ow of the
upper branch of the AMOC to the deep water formation regions, with an associated
increase in deep water formation and southward ow of the DWBC. This describes a
basinwide adjustment of the AMOC on interannual timescales that could be accom-
plished through boundary wave processes (e.g. Johnson and Marshall, 2002; Roussenov
et al., 2008). Secondly, the result may be interpreted as a regional enhancement of the
AMOC, accomplished locally at the western boundary through changes in pycnocline
depth and mid-ocean vertical shear ow. This is associated with westward propagating
Rossby waves forced by Ekman pumping within a few 1000 kilometres of the western
boundary. Evidence of this second mechanism was described by Cabanes et al. (2008)
using the ECCO assimilation product for the period 1993-2003, with AMOC anoma-
lies most pronounced from 23-32N but coherent throughout the subtropical gyre. The
second explanation is favoured here as the AMOC response to the NAO as it is moreChapter 2. Atlantic Transport Variability at 26N 87
physically reasonable (western boundary wave processes tend to drive anti-clockwise and
southwards, not clockwise and northwards, rapid basinwide adjustments).
The sign of the AMOC response to NAO forcing described here is perhaps surprising.
On interannual timescales, some modelling studies suggest a spin-up of the gyres in
response to a positive NAO state and a reduction/enhancement of the AMOC in the
subtropical/subpolar gyres (Eden and Willebrand, 2001). Evidence of such a response
on interannual to decadal timescales has been suggested by Lozier et al. (2010) using
sub-surface observations assimilated into a numerical model. This dierence in AMOC
response may be partly a question of timescale and magnitude of the anomalies. The
weakening of the sub-tropical AMOC suggested by Lozier et al. (2010) is of order 1-2
Sv over decadal periods in response to positive NAO state, whereas the AMOC48 index
anomalies described here suggest a weakening of up to 5 Sv in response to negative
NAO uctuations on interannual timescale. A problem for the AMOC48 index is the
southwestward streamlines of Rossby wave propagation in the subtropics (e.g. Anderson
and Corry, 1985a). Eden and Willebrand (2001) note that the lagged response to an
NAO anomaly occurs southwest of the main Azores centre of activity which is of opposite
polarity to the NAO pressure centre located close to 26N (see Appendix B). To capture
the response of the AMOC at 26N to the stronger (but more distant) centre of NAO
activity located near the Azores, it may be necessary to modify the AMOC48 index to
take account of the curvature of streamlines in the North Atlantic basin. However, on
interannual to decadal timescales, Florida Straits transport variability has been shown
(in part) to adjust to lagged zonal wind stress curl anomalies across 26N (DiNezio et al.,
2009), partly because most (NAO driven) variability arises in the west of the section.
The use of the AMOC48 index as a measure of interannual AMOC variability therefore
seems reasonable. It is emphasised that the AMOC48 index can also detect interannual
AMOC variability associated with surface buoyancy forced variability, which is likely to
be coherent throughout the North Atlantic basin (driven by changes in formation rates
of LSW) and also positive during positive NAO state (e.g. Eden and Willebrand, 2001;
Latif et al., 2006; Bingham et al., 2007; Biastoch et al., 2008). However, in this study
the AMOC48 index changes appear to be due to changes in Sverdrup transport which is
likely to be coherent on gyre scales (Cabanes et al., 2008).88 Chapter 2. Atlantic Transport Variability at 26N
The validity of the AMOC index The AMOC index takes no account of northward
ow in the upper ocean associated with the Antilles Current. It is unclear whether the
Antilles Current is part of the mid-ocean Sverdrup transport or a separate component of
the western boundary current system uncorrelated to Florida Straits transport (Schmitz
et al., 1992; de Boer and Johnson, 2007). Here it is considered part of the Sverdrup
transport. This is somewhat controversial as mean AMOC index values given in Table
2.3 are around 6 Sv smaller than the traditionally accepted AMOC strength of  16-
19 Sv (e.g. Hall and Bryden, 1982; Roemmich and Wunsch, 1985; Talley et al., 2003;
Lumpkin and Speer, 2007; Kanzow et al., 2010). A mean Antilles Current ow of order
5-6 Sv has been observed Lee et al. (1996); Bryden et al. (2005a); Johns et al. (2008).
A study of water mass properties in the Florida Current showed roughly 13 Sv of ow
was of South Atlantic origin (Schmitz and Richardson, 1991), thus some transport in
the warm upper limb of the thermohaline circulation may occur outside the connes of
the Florida Straits. The validity of the Sverdrup balance in the western 2000 km of the
24N section has been questioned (Roemmich and Wunsch, 1985).
It is reiterated that the principal aim of the AMOC index is to provide a measure of
AMOC variability and not mean AMOC strength. In part the exclusion of the Antilles
Current is made necessary because long term observational records of its strength are
not available. DiNezio et al. (2009) suggested that whilst  50% of interannual Florida
Current variability can be explained by wind forcing, part of the unexplained Florida
Current variance could result from AMOC variability. Perhaps the best way to view
this index is as an indicator of `potential' AMOC variability in the sense that we already
know the multi-annual variability that exists in most of its constituents. Based on
observations, the index tells us that multi-annual AMOC variability of 2 Sv RMS is
likely to have occurred over the last few decades.
The validity of the AMOC index as an indicator of `absolute' AMOC variability could
be tested in models and observations. Estimates of AMOC strength at 26N from two
dierent ocean state estimation models (Balmaseda et al., 2007; Cabanes et al., 2008,
see also Figure 1.9) show interannual variability somewhat comparable with that shown
by the AMOC48 index, i.e. a decline in AMOC strength of order several Sverdrups from
the 1980s onward, reaching a minimum in the mid-1990s, with a subsequent increase
in AMOC strength. The use of the AMOC index as a measure of interannual AMOC
variability is therefore promising. It is noted that the estimate of AMOC strengthChapter 2. Atlantic Transport Variability at 26N 89
shown in Figure 1.9 (Balmaseda et al., 2007) shows a decline in strength in the late
2000s not observed in the 5-year Rapid-WATCH dataset, emphasising the reliance of
ocean reanalysis on the continued provision of high quality observational data.
At present, the Rapid-WATCH dataset is too short to test whether mid-ocean transport
(UMOT) variability is in Sverdrup balance at multi-annual timescales. From 2004-
2008, UMOT variability from Rapid-WATCH shows a correlation with NCEP Sverdrup
transports (both low-passed at 30-day period) of r = 0.28, however no correlation is
observed once seasonal cycles are removed. This is not surprising as at sub-annual
timescales, only wind stress curl changes close to the western margin would be expected
to eect a corresponding change in thermocline structure at the western boundary,
though such mechanisms have been proposed (Cabanes et al., 2008). This is further
complicated by the modication and diminishment of eddy activity close to the western
margin (Kanzow et al., 2009). The seasonal cycle of UMOT shows no evidence of a
semi-annual component like that seen for Sverdrup transport (Table 2.1). Instead, the
UMOT transport seems to possess a dominant annual cycle driven locally by wind stress
curl close to the eastern Atlantic margin (Kanzow et al., 2010). The absence of a semi-
annual cycle in Rapid-WATCH UMOT observations is not surprising as at semi-annual
timescales the mid-ocean at 26N is observed to adjust barotropically (Lee et al., 1996),
which is eectively invisible to the Rapid-WATCH array. It will be interesting to see
whether the strengthening of Sverdrup transport in 2010 (related to an extreme negative
NAO state) is detected by Rapid-WATCH in the coming years, and whether this leads
to a weakening of the AMOC, as seen in the AMOC48 index in the mid-1990s (Figure
2.22).
2.5 Summary
The successful deployment of the Rapid-WATCH array has placed signicant emphasis
on the AMOC at 26N. To date the array has successfully measured the strength of the
AMOC for 5 years and already a strong seasonal cycle seems to be emerging (Kanzow
et al., 2010). Whilst ongoing measurements of geostrophic transport across the ocean
interior at 26N remain somewhat short, high quality decadal length datasets of Florida
Straits and surface wind stress are available. In this chapter the seasonal cycles and
variability of the Florida Straits, Ekman and Sverdrup transports at 26N have been90 Chapter 2. Atlantic Transport Variability at 26N
analysed with the intention of complementing and enhancing the understanding of the
AMOC based on observations made by the Rapid-WATCH array. The main conclusions
are as follows:
 The mean seasonal cycle of the Florida Straits transport shows a clear annual pe-
riodicity with a maxima in mid-July, a minima in mid-January and a range of 3.3
Sv. Both modern wind stress climatologies and data from a 1/4 eddy-permitting
model support previous studies that suggest the seasonal cycle is set by merid-
ional wind stress downstream and local to the Florida straits. The seasonal cycle
only emerges from decadal length observations whereas over shorter observational
periods calculations of the seasonal cycle are obscured by stochastic variability.
 At periods < 10 days, observed Florida Straits transport variability shows coher-
ence with along channel climatological wind stress. At periods of 10-70 days, model
data highlights a signicant role for surface wind forcing in driving transport vari-
ability though the exact mechanism remains unexplained. At periods of 60-720
days (excluding annual), observed Florida Straits transport variability shows no
signicant coherence with North Atlantic wind stress (including the NAO index).
This is supported by model data which suggests that at  70-1000 day periods,
internal ocean variability (i.e. variability not directly forced by changes in surface
winds and buoyancy) contributes signicantly to Florida Straits transport variabil-
ity. At interannual and longer periods, Florida Straits transport variability may
reect changes in strength of the sub-tropical gyre and thermohaline circulation.
 The mean seasonal cycle of Ekman transport at 26N shows no dominant annual or
semi-annual periodicity and instead comprises several maxima and minima of max-
imum range 2.8 Sv. This is largely due to diering seasonal transport regimes east
and west of 50-60W. Similar to Florida Straits transports, the Ekman transport
seasonal cycle only emerges from decadal length observations. Ekman transports
show signicant coherence with the NAO at seasonal to decadal periods; a change
of  +1 Sv per NAO index unit is observed. Around 60% of both sub-annual
and interannual Ekman transport variability occurs in phase across 26N which is
partly attributable to the NAO. This contributes to enhanced section-wide Ekman
transport variability during the winter months when the NAO is at its strongest.Chapter 2. Atlantic Transport Variability at 26N 91
 The mean seasonal cycle of Sverdrup transport at 26N shows clear section-wide
semi-annual periodicity with a maximum range 20.4 Sv which is persistent (par-
ticularly in terms of phase) from year to year. Sverdrup transports show weak
coherence with the NAO at sub-decadal periods though at multi-annual to decadal
timescales a change of  + 3-4 Sv per NAO index unit is observed. No dominant
modes of Sverdrup transport variability are found across 26N such that Sverdrup
transport variability appears less spatially coherent (more localised longitudinally
and latitudinally) than do Ekman transports.
 At 26N, Florida Straits and Ekman transports project on the AMOC with a
combined seasonal cycle range of 3.5 Sv. A best guess peak-to-peak amplitude of
the AMOC seasonal cycle is 8.7 Sv. The combined range of Florida Straits and
Ekman seasonal heat transport is 0.40 PW. Because Florida Straits and Ekman
heat transports are expected to be strongly correlated with their mass transports,
their seasonal heat transports will only emerge from decadal length observations.
 An AMOC index is proposed which combines Florida Straits, Ekman and Sverdrup
transports to resolve AMOC variability at multi-annual timescales. Using only
observational data, this index suggests changes in AMOC strength of  2 Sv RMS
over the last few decades, a strengthening of the AMOC under positive NAO state,
and a possible long term decline in AMOC strength of  4 Sv.Chapter 3
A Comparison of NCEP-NCAR,
NOC v1.1 and QuikSCAT Wind
Stress at 26N
3.1 Introduction
This chapter presents a comparison of Ekman and Sverdrup transports across 26N in
the Atlantic, calculated using the NCEP-NCAR, NOC v1.1 and QuikSCAT wind stress
climatologies. Although large scale North Atlantic wind stress is reasonably well under-
stood (e.g. Marshall et al., 2001), ongoing observations of AMOC strength (since 2004)
made by Rapid-WATCH at 26N warrants a closer investigation of wind driven ocean
transports at this latitude. This work addresses variability of wind driven transports
at monthly to multi-annual timescales which are most relevant to the present 5 year
Rapid-WATCH AMOC time-series, as well as longer period variability and trends which
provide context for the observations. Attention is also paid to the seasonal cycles of
wind driven transports due to the emergence of an apparent strong seasonal cycle in the
AMOC observations (Kanzow et al., 2010). It is noted that comparisons of the NCEP-
NCAR, NOC v1.1 and QuikSCAT climatologies do already exist (e.g. Josey et al., 2002;
Risien and Chelton, 2008) although with an emphasis on the global scale.
Chapter 2 relied almost entirely on NCEP-NCAR estimates of Ekman and Sverdrup
transport properties at 26N and NOC and QuikSCAT climatologies were only briey
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alluded to. A short comparison of climatologies was provided in Section 2.3.3 based
on properties calculated in this chapter. A comprehensive comparison of Ekman and
Sverdrup transports at 26N for NCEP-NCAR, NOC and QuikSCAT climatologies is
now presented. This specically addresses whether it matters what climatology we
use for Ekman and Sverdrup transports at 26N on seasonal, interannual and decadal
timescales, and whether regional dierences may prove important for Rapid-WATCH
monitoring. Whilst the primary aim of this chapter is to make an inter-climatology
comparison of wind driven transports at 26N, useful properties of Ekman and Sverdrup
transports will also be described in detail, elements of which were briey summarised for
NCEP-NCAR in Sections 2.3.2.1 and 2.3.2.2 of Chapter 2 for use in the later discussion.
3.2 NCEP-NCAR, NOC and QuikSCAT climatologies
NCEP-NCAR (National Centres for Environmental Prediction - National Centre for At-
mospheric Research) wind stress data is available as part of a reanalysis project that uses
an analysis/forecast system to perform assimilation of past data from 1948 to present
(Kalnay et al., 1996; Kistler et al., 2001). The dynamical model and data assimilation
system is kept unchanged over the reanalysis period avoiding perceived climate jumps
associated with changes in the operational data assimilation system. The NCEP-NCAR
reanalysis grid has a zonally uniform spacing of 1.875 and meridionally non-uniform
spacing that varies from 1.89 at the poles to 2.1 near the equator, providing full global
coverage along with regular temporal sampling. The advantage of using NCEP-NCAR
data as part of oceanographic studies is the avoidance of sampling problems inherent to
ship-based analyses (such as NOC), though with larger uncertainty in poorly sampled
regions of the World Ocean (particularly in the Southern Hemisphere). The accuracy of
NCEP-NCAR data is dependent to a large extent on model physics and the availability
of observations. Additionally, coarse spatial resolution means dynamic scales shorter
than about 500 km are not resolved. Daily and monthly data were downloaded for the
period 1950-2008, though emphasis is placed on data from 1980 onward.
The NOC v1.1 climatology provides monthly composites of sea surface zonal and merid-
ional wind stress components on a 1 x 1 grid determined from a dataset of ship based
meteorological reports (Josey et al., 2002). Limited observations over the SouthernChapter 3. Wind Climatology Comparison at 26N 95
Ocean means this region is masked and data is available only by request. The me-
teorological data used by NOC has been corrected at individual ship level for biases
arising from observing procedure. Wind stress estimates are determined using the drag
coecient relationship of Smith (1980). The 26 year monthly NOC v1.1 climatology
(1980-2005) is the best long-term in situ wind dataset presently available, however the
sparse nature of in situ sampling means spurious features may be introduced to the
gridded data, even in well sampled regions of the world oceans. An improved wind
stress climatology (including uncertainty estimates) is planned as part of the NOC v2.0
climatology which is in development.
The SeaWinds scatterometer aboard the QuikSCAT satellite provides regular, high spa-
tial resolution observations of global surface winds based on electromagnetic backscatter
from the wind-roughened ocean surface (Risien and Chelton, 2008). QuikSCAT is able
to sample about 90% of the global oceans daily, with a geophysical record extending
from 15th July 1999 to November 23rd 2009 when the mission ended1. QuikSCAT
based climatologies contain several potential sources of error, including aliasing of diur-
nal variability, rain-contamination and side-lobe eects approaching land however the
main limitation for this comparison of climatologies is the representativeness of a data
record just over 10 years long. The QuikSCAT climatology used for this study was the
MWF (Mean Wind Field) product produced by the IFREMER Department of Oceanog-
raphy from Space, available on a 0.5 x 0.5 global grid. Wind datasets were obtained
from the sources described in Section 2.2.
3.3 Calculation of Ekman and Sverdrup transports
Ekman and Sverdrup transports are calculated as outlined in Chapter 2, Section 2.2.
Ekman and Sverdrup transports are calculated for each climatology along the closest
available gridded latitude to 26N. Transports are restricted to the longitudinal range
77W-15W, bounded in the east by the Moroccan coastline and in the west by the
1When this study was carried out the QuikSCAT satellite was fully operational, data from which
were being used by Rapid-WATCH, hence motivating its inclusion in this study. Whichever wind stress
product Rapid-WATCH chooses for the future will require comparison with QuikSCAT to assess the
impact on the AMOC timeseries, however it is reassuring that the three products considered here
compare favourably within the error limits used by Rapid-WATCH (see Section 2.3.3). At present
there is no reason to suppose switching to another modern wind stress climatology will introduce any
major issues for Rapid-WATCH96 Chapter 3. Wind Climatology Comparison at 26N
Climatology Grid Spacing (X/Y) Latitude
Ekman
Longitude
Sverdrup
Longitude
NCEP-NCAR 1.875 / 1.89-2.1 25.71N
76.875W-
15W
76.875W-
16.875W
NOC 1 / 1 25.5N
76.5W-
15.5W
76.5W-
16.5W
QuikSCAT 0.5 / 0.5 25.75N
76.75W-
15.25W
76.75W-
15.25W
Table 3.1: Latitudes and longitudinal ranges (outermost grid points) used for calcu-
lations of Ekman and Sverdrup transports in this study. Climatology grid spacing is
also given.
Bahamas and Atlantic continental slope. The latitude and longitudinal range used in
transport calculations for each climatology are given in Table 3.1.
As shown in Table 3.1, the exact latitude and longitudinal range along which Ekman
and Sverdrup transports are calculated diers between climatologies. Where possible,
interpolation of datasets onto matching spatial grids is avoided to avoid uncertainty
introduced associated with the chosen interpolation scheme. Instead, direct comparison
of data at marginally dierent latitudes and across diering longitudinal ranges was
favoured. Because this study is mostly concerned with synoptic or larger scale variabil-
ity, this is unlikely to present a problem (and indeed good coherence is seen between
climatologies). It should be noted however that section width can vary by up to  2-3%
( 200 Km), and latitude by up to  30 Km (whilst `error' associated with dierences
in f and  can reach  1 % and  0.2 % of transport values respectively). Some small
sampling biases and uncertainty may therefore be present in the transports, but are not
likely to exceed the statistical uncertainty discussed or aect any conclusions drawn.
Dierences in longitudinal range presents no problem when comparing transport prop-
erties as a function of longitude as climatology information simply becomes absent when
it's range is exceeded. Where statistical comparisons of transport as a function of longi-
tude is required (e.g. correlations), some linear interpolation onto matching longitudinal
grids has been carried out. For daily data (only NCEP-NCAR and QuikSCAT), the
unltered daily transports have greatest variance at short time and space scales and will
be more aected by small dierences in data grids. However, little emphasis is placed
on daily transport variability in this study.
Figure 3.1 shows maps at the eastern and western basin boundaries of the longitudinalChapter 3. Wind Climatology Comparison at 26N 97
Western Boundary
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Figure 3.1: Locations of NCEP (blue), NOC (red) and QuikSCAT (green) grid points
along the latitude closest to 26N at the eastern and western North Atlantic margin.
Coloured solid lines show the longitudinal ranges of Sverdrup transports calculated in
this study, black lines denote 200m spaced bathymetric contours, black shading denotes
land.
ranges and latitudes used for the calculation of Sverdrup transports, as given in Table
3.1. Coloured crosses correspond to other climatology data points along those latitudes.
Because calculation of wind stress curl uses the gradient of meridional and zonal wind
stress inferred using adjacent grid points (Section 2.2), longitudinal Sverdrup transport
range is restricted to ocean grid points surrounded entirely by other oceanic grid points.
For QuikSCAT and NOC climatologies, a land-mask covers non-oceanic grid points,
however for the NCEP-NCAR climatology, data is also available over land. It is therefore
possible to extend the longitudinal range of NCEP-NCAR Sverdrup transports closer
to land (this is done carefully in Section 4.3.1.4), however caution should be taken
as this can lead to erroneous values. In this study this problem mainly applies to
the eastern boundary at 26N where the African land mass encroaches on the desired
longitudinal range. Ekman transports can generally be extended a little closer to the
eastern boundary (Table 3.1), because calculation relies only on zonal wind stress.
Ekman and Sverdrup transports integrated across 26N at daily and monthly resolution
for the NCEP-NCAR, NOC and QuikSCAT climatologies are shown in Figure 3.2.
3.4 Results
Throughout this chapter, comparisons of NCEP-NCAR, NOC and QuikSCAT data are
carried out when data series overlap. For NCEP-NCAR and NOC, this is 1980-2005; for
NCEP-NCAR and QuikSCAT this is 2000-2007; for NCEP-NCAR, NOC and QuikSCAT
this is 2000-2005. Properties of Ekman and Sverdrup transports are also considered over98 Chapter 3. Wind Climatology Comparison at 26N
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Figure 3.2: NCEP (blue), NOC (red) and QuikSCAT (green) Ekman and Sverdrup
transports integrated across 26N covering the period 1980-2007 where available. Top
two panels, monthly and daily Ekman transports; Bottom two panels, monthly and
daily Sverdrup transports.
the full 1980-2007 NCEP-NCAR range. It is reiterated that the NCEP-NCAR reanalysis
assimilates satellite observations, thus the NCEP-NCAR and QuikSCAT datasets are
not independent.
Data analysis and statistical methods used in this chapter follow those outlined in Chap-
ter 2, see Section 2.2. In subsequent sections of this chapter, statistics for the `raw' or
high-passed monthly timeseries are calculated assuming each data-point is independent,Chapter 3. Wind Climatology Comparison at 26N 99
thus each timeseries has available degrees of freedom equivalent to its number of data
points. For Ekman and Sverdrup transport (and NAO) timeseries, integral timescales
calculated from the integral of the one sided autocorrelation function out to the rst
zero crossing (Emery and Thomson, 2001) give values smaller than that of the sampling
period, thus this assumption is robust. Note that this assumption remains robust if
the two sided autocorrelation function is used to calculate integral timescale (equiva-
lent to doubling those calculated here), which is the approach taken by Rapid-WATCH
(Kanzow et al., 2010). For daily transports, or where timeseries are low-passed, data
points are no longer independent and integral timescales and statistics are re-calculated
accordingly. Approximate integral timescales are given in Table 3.2, note that these will
vary slightly depending on the time period of interest.
Integral Timescale (months)
Monthly Ekman Sverdrup
NCEP 0.5 0.5
NCEP LP* 9 14
NOC 0.5 0.5
NOC LP* 9 11
QuikSCAT 0.5 0.5
Integral Timescale (days)
Daily Ekman Sverdrup
NCEP 5 6
QuikSCAT 5 4
Table 3.2: Integral timescales calculated for Ekman and Sverdrup transports (Sv)
for the NCEP-NCAR (1980-2007), NOC v1.1 (1980-2005) and QuikSCAT (2000-2007)
climatologies at 26N. Integral timescales are calculated from the integral of the one
sided autocorrelation function out to the rst zero crossing (after a best t linear trend
is removed). *LP refers to timeseries that are low-passed at 36-month cut-o period
using a 5th order Butterworth lter, consistent with the rest of this chapter.
3.4.1 Zonally integrated transports
3.4.1.1 Mean and standard deviation
Tables 3.3 and 3.4 give estimates of mean Ekman and Sverdrup transports calculated
for the NCEP-NCAR, NOC and QuikSCAT climatologies. Where possible, values for
periods of climatology overlap are given.100 Chapter 3. Wind Climatology Comparison at 26N
Ekman transport Mean Ekman transport for 1980-2007 calculated using the monthly
NCEP-NCAR climatology is 3.63  1.89 (1 std. dev.) Sv. This mean value cannot be
distinguished at 95% signicance from mean transport values calculated over overlap-
ping time periods using NOC and QuikSCAT climatologies. 95% condence limits are
calculated as  x  1:96  SE x, where Standard Error (SE) of the mean ( x) is calculated
as SE x = s=
p
n where s = sample standard deviation and n = degrees of freedom in
the sample. The same is true of the daily timeseries where 95% condence limits are of
similar magnitude due to greater degrees of freedom but also greater sample standard
deviation. A reasonable estimate of mean Ekman transport at 26N is therefore 3.63 Sv
 0.2 Sv (95% signicance) using the 1980-2007 monthly NCEP-NCAR record. This
estimate is slightly biased given the generally positive state of the NAO over the period
1980-2007. Mean Ekman transports are therefore likely to be overestimated by  0.1
Sv (see Section 3.4.1.5 and Table 3.6).
Ekman Transports at 26N: Mean (Sv) / Std. Dev. (Sv)
Monthly Climatology 1980-2007 1980-2005 2000-2007 2000-2005
NCEP-NCAR 3.63 / 1.89 3.59 / 1.89 3.72 / 1.72 3.59 / 1.65
NOC - 3.79 / 1.97 - 3.75 / 1.93
QuikSCAT - - 3.84 / 1.87 3.78 / 1.89
Daily Climatology 1980-2007 1980-2005 2000-2007 2000-2005
NCEP-NCAR 3.64 / 3.46 - 3.74 / 3.37 -
QuikSCAT - - 3.84 / 3.78 -
Table 3.3: Mean and standard deviation (Sv) of monthly and daily Ekman transports
integrated across 26N calculated using NCEP-NCAR, NOC and QuikSCAT climatolo-
gies. Figures for periods of climatology overlap are given where possible.
Of note are the consistently smaller Ekman transports calculated using the NCEP-
NCAR climatology compared to those using the NOC and QuikSCAT climatologies (even
though QuikSCAT data is assimilated during NCEP-NCAR calculations, see Table 3.3).
This is observed despite the smaller longitudinal range of both the NOC and QuikSCAT
climatologies (Table 3.1) in comparison with NCEP-NCAR. At latitudes close to 26N,
zonally integrated northward Ekman transport becomes weaker further north. Latitude
dierences cannot account for mean NCEP-NCAR Ekman transport being smaller than
QuikSCAT, however if mean NCEP-NCAR transport is linearly interpolated onto NOC
latitude, both give a similar Ekman transport of  3.79 Sv. However, because NCEP-
NCAR has a wider longitudinal range, it still slightly underestimates Ekman transports
relative to NOC. Although all mean Ekman transports are not signicantly dierent atChapter 3. Wind Climatology Comparison at 26N 101
95% condence, it does appear that NCEP-NCAR may underestimate Ekman trans-
ports (and therefore zonal wind stress) at 26N relative to the observational NOC and
QuikSCAT climatologies by  0.1 Sv. This is consistent with Ekman transport vari-
ability (represented in Table 3.3 as 1 std. dev.) where NCEP-NCAR variability (and
therefore zonal wind stress variability) is smaller than variability in the QuikSCAT and
NOC datasets. The same is seen when comparing NCEP-NCAR and QuikSCAT daily
climatology data (Table 3.3).
Sverdrup transport Mean Sverdrup transport for 1980-2007 calculated using the
monthly NCEP-NCAR climatology is -20.30  8.02 (1 std. dev.) Sv (Table 3.4). Similar
to Ekman transports at 26N, in most cases this mean value cannot be distinguished at
95% signicance from mean transport values calculated over overlapping time periods
using NOC and QuikSCAT climatologies (one standard error ranges from 0.22 to > 0.5
Sv). This is not the case however for the period 2000-2005 where southward monthly
NOC Sverdrup transports are more than 3 Sv greater than NCEP-NCAR transports
(despite similar longitudinal ranges, Table 3.1). This is due to a strong linear trend
towards increasingly negative Sverdrup transports (-0.19 Sv yr 1, see Section 3.4.1.3
and Table 3.6) seen only in the NOC climatology which may be erroneous.
Sverdrup Transports at 26N: Mean (Sv) / Std. Dev. (Sv)
Monthly Climatology 1980-2007 1980-2005 2000-2007 2000-2005
NCEP-NCAR -20.30 / 8.02 -20.34 / 7.89 -19.19 / 8.66 -19.02 / 8.34
NOC - -20.83 / 9.34 - -22.24 / 9.32
QuikSCAT - - -20.90 / 10.75 -20.65 / 10.95
Daily Climatology 1980-2007 1980-2005 2000-2007 2000-2005
NCEP-NCAR -20.26 / 16.12 - -19.16 / 16.62 -
QuikSCAT - - -21.01 / 24.97 -
Table 3.4: As for Table 3.3 but for Sverdrup transports
Similar to Ekman transports, mean NCEP-NCAR southward Sverdrup transports are
consistently smaller than those estimated using the NOC and QuikSCAT climatologies.
This is despite a longitudinal range comparable to that of the NOC climatology (Table
3.1), and despite the northward Sverdrup transports at the eastern basin margin seen
in the QuikSCAT climatology (see Figure 3.17, note also that dierences in the  term
used for dierent climatology latitudes are negligible). If QuikSCAT is considered over
the same longitudinal range as NOC (i.e. avoiding northward Sverdrup transports at102 Chapter 3. Wind Climatology Comparison at 26N
the eastern margin), its mean southward transport increases to -21.2 Sv (for the pe-
riod 2000-2005), however NOC mean southward Sverdrup transport still exceeds that
of QuikSCAT. Variability of Sverdrup transport is also smaller for the NCEP-NCAR
climatology compared to NOC and QuikSCAT climatologies (Table 3.4). The same is
seen when comparing NCEP-NCAR and QuikSCAT daily climatology data (Table 3.4).
Monthly Sverdrup transport variability in the QuikSCAT climatology is greater than in
the NOC climatology over the period 2000-2005 where the climatologies overlap. This
dierence is not apparent for Ekman transport variability and appears mostly due to
enhanced wind stress curl variability west of the Mid Atlantic Ridge (Figure 3.17).
3.4.1.2 Correlation, power spectra and coherence
Table 3.5 gives the correlation of NCEP-NCAR, NOC and QuikSCAT Ekman and Sver-
drup transports integrated across 26N for periods of overlap. Power spectra for Ekman
and Sverdrup transports are shown in Figure 3.3 whilst coherence between climatologies
is shown in Figures 3.4 and 3.5.
Ekman Correlation Sverdrup Correlation
Monthly Climatology r p (%) r p (%)
NCEP - NOC 1980-2005 0.96 (0.95) 99.9 0.76 (0.65) 99.9
NCEP - NOC 1980-2005 HP 0.96 99.9 0.77 99.9
NCEP - NOC 1980-2005 LP 0.93 99.9 0.65 99.9
NCEP- Quik 2000-2007 0.96 (0.98) 99.9 0.91 (0.86) 99.9
NCEP - NOC 2000-2005 0.93 99.9 0.62 99.9
NCEP - Quik 2000-2005 0.97 99.9 0.91 99.9
NOC - Quik 2000-2005 0.91 99.9 0.63 99.9
Daily Climatology r p (%) r p (%)
NCEP - Quik 2000-2007 0.96 99.9 0.73 99.9
Table 3.5: Correlations (and signicance) of monthly and daily Ekman and Sverdrup
transports integrated across 26N calculated using NCEP-NCAR, NOC and QuikSCAT
climatologies. Correlations for periods of climatology overlap are given where possible.
HP and LP correspond to High-Pass and Low-Pass ltered timeseries respectively (using
a 36-month cut-o period). Correlations given in brackets are with mean seasonal cycles
removed.
Ekman transport Ekman transports integrated across 26N for climatology pairs
show correlations of > 0.9 at > 99% signicance with each other (Table 3.5). For the
longer NCEP and NOC records, interannual variability (time-series low-pass ltered atChapter 3. Wind Climatology Comparison at 26N 103
3-year cut-o) is slightly less well correlated than sub-interannual variability. From
2000-2005, where all three climatologies overlap, NCEP and QuikSCAT show the high-
est correlation, which is unsurprising given the assimilation of QuikSCAT data during
production of the NCEP reanalysis product.
Figure 3.3 compares power spectra for Ekman and Sverdrup transports (note that in
the NCEP - NOC comparison, power spectra are `truncated' because of the monthly
resolution of NOC climatology data). For Ekman transports, NCEP and NOC power
spectra are very similar in character, and show a at spectral slope at seasonal to
multi-annual periods of variability and a steady decline in variance towards decadal
periods. The NOC Ekman transports have slightly greater power at annual to multi-
annual period which accounts for their increased variability seen in Table 3.3. QuikSCAT
and NCEP power spectra are also very comparable in character, with generally red
spectral slope (more power in the lower frequency bands) and greatest variance at 10-
50 day periods (no dominant frequencies are apparent). QuikSCAT Ekman transports
show generally slightly greater power at all frequencies. The NCEP reanalysis appears
to damp transport variability at 26N at all frequencies (without any change in phase).
Figure 3.4 shows the coherence of NCEP Ekman transports with NOC and QuikSCAT
Ekman transports over periods of overlap. As expected from the high correlation coe-
cients in Table 3.5, coherence is high across most frequencies with  0 phase dierence.
Coherence of NCEP and NOC is noticeably reduced at periods > 100 days, trend-
ing towards increasingly reduced coherence at interannual and multi-annual periods of
variability, in agreement with the reduced low-pass correlation coecient in Table 3.5.
Coherence of NCEP and QuikSCAT is also high across most frequencies (as expected
given the datasets are not independent), though with slightly reduced coherence at inter-
annual periods of variability. At weekly and shorter timescales, coherence of NCEP and
QuikSCAT is markedly reduced, with coherence no longer signicant at 95% condence
at < 5 days periods.
Sverdrup transport Sverdrup transports integrated across 26N for climatology
pairs show reduced correlation coecients relative to those calculated for Ekman trans-
ports (Table 3.5). This is unsurprising given the curl operator used in calculating wind
stress curl as part of Sverdrup transport calculations (Equation 2.2) acts to amplify
spatial dierences in climatological wind stress elds. Of note is the substantially104 Chapter 3. Wind Climatology Comparison at 26N
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Figure 3.3: Power spectra (left column) and variance conserving spectra (right col-
umn) of NCEP (blue), NOC (red) and QuikSCAT (green) Ekman and Sverdrup trans-
ports integrated across 26N. Top 4 panels, NCEP and NOC monthly climatologies for
1980-2005. Bottom 4 panels, NCEP and QuikSCAT daily climatologies for 2000-2007.
1st and 3rd rows, Ekman transports, 2nd and 4th rows, Sverdrup transports.Chapter 3. Wind Climatology Comparison at 26N 105
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Figure 3.4: Ekman transport coherence integrated across 26N. Left column, coher-
ence magnitude (black line denotes 95% signicance), right column coherence phase
(black line denotes zero phase dierence). Top row, NCEP/NOC monthly climatol-
ogy coherence 1980-2005; Middle row, NCEP/QuikSCAT daily climatology coherence
2000-2007. Positive phases indicate NCEP is leading. Bottom row, NCEP (blue) and
NOC (red) monthly climatology 1980-2005 coherence with NAO index. Negative phase
indicates NAO is leading.
weaker correlation between NCEP and NOC climatologies, particularly at interannual
and multi-annual periods of variability (timeseries are low-passed at 3-year cut-o pe-
riod). NCEP - NOC correlation at sub-multi-annual periods is moderately reduced
when monthly mean seasonal cycles are removed (Table 3.5) which are very similar for
all climatologies (Section 3.4.1.4). Correlation of NCEP and QuikSCAT daily Sverdrup
transports is also signicantly weaker than for transports calculated using the monthly
climatology because of reduced transport coherence at periods < 60 days (Figure 3.5).106 Chapter 3. Wind Climatology Comparison at 26N
Power spectra for NCEP, NOC and QuikSCAT Sverdrup transports are similar in char-
acter (Figure 3.3). NCEP generally shows less variance at all frequencies than the NOC
and QuikSCAT climatologies, in line with the reduced variability given in Table 3.4,
though at semi-annual and decadal periods NCEP variance slightly exceeds that of the
NOC climatology. A drop in power at  2-4 year period seen in the NCEP dataset is
not apparent in the NOC climatology. Of particular note is the substantially enhanced
Sverdrup transport variance of the QuikSCAT climatology relative to NCEP at periods
< 30 days, resulting in a whiter spectral slope at high frequencies. In the QuikSCAT -
NCEP comparison, shorter timeseries length (2000-2007) means the semi-annual cycle is
not well resolved. Similar to Ekman transports, NCEP Sverdrup variability is damped
at most frequencies relative to NOC and QuikSCAT.
Figure 3.5 shows coherence of NCEP, NOC and QuikSCAT Sverdrup transports over
periods of overlap. Coherence of NCEP transports with NOC and QuikSCAT transports
is worse than that observed for Ekman transports (Figure 3.4). For NCEP and NOC
data, substantial drops in coherence are seen at periods less than 100 days and in
the period band 2-10 years whilst peak coherence is observed at semi-annual period.
Similarly, NCEP and QuikSCAT Sverdrup transports also show peak coherence at semi-
annual period, with a steady reduction in coherence at shorter and longer periods. As
expected, NCEP - QuikSCAT coherence is generally higher than NCEP - NOC coherence
at all frequencies, explaining the stronger correlations given in Table 3.5.
3.4.1.3 Interannual variability and trends
Annual means and monthly variability for individual years (given as 1 std. dev.) are
shown in Figure 3.6 for Ekman and Sverdrup transports calculated using monthly NCEP-
NCAR, NOC and QuikSCAT climatologies. Also shown are linear trends for NCEP-
NCAR and NOC transports (note that monthly mean seasonal cycles have been removed
prior to trend calculation), values for which are given in Table 3.6.
Ekman transport For Ekman transports, annual means and monthly variability are
in reasonable agreement for all three climatologies. Year to year variability approaches
the two standard error range for annual means of  0.5-1.4 Sv (based on calculation of
each annual mean from 12 monthly values with std. dev. ranging from  1-2.5 Sv) andChapter 3. Wind Climatology Comparison at 26N 107
10
1
10
2
10
3
10
4
0
0.2
0.4
0.6
0.8
1
Period (days)
M
a
g
n
i
t
u
d
e
 
S
q
u
a
r
e
d
 
C
o
h
e
r
e
n
c
e
NCEP−NOC Sverdrup 1980−2005 Coherence
10
1
10
2
10
3
10
4
−150
−100
−50
0
50
100
150
Period (days)
P
h
a
s
e
NCEP−NOC Sverdrup 1980−2005 Coherence Phase
10
0
10
1
10
2
10
3
0
0.2
0.4
0.6
0.8
1
Period (days)
M
a
g
n
i
t
u
d
e
 
S
q
u
a
r
e
d
 
C
o
h
e
r
e
n
c
e
NCEP−QUIK Sverdrup 2000−2007 Coherence
10
0
10
1
10
2
10
3
−150
−100
−50
0
50
100
150
Period (days)
P
h
a
s
e
NCEP−QUIK Sverdrup 2000−2007 Coherence Phase
10
1
10
2
10
3
10
4
0
0.2
0.4
0.6
0.8
1
Period (days)
M
a
g
n
i
t
u
d
e
 
S
q
u
a
r
e
d
 
C
o
h
e
r
e
n
c
e
NCEP & NOC Sverdrup 1980-2006 NAO Coherence
10
1
10
2
10
3
10
4
−150
−100
−50
0
50
100
150
Period (days)
P
h
a
s
e
NCEP & NOC Sverdrup 1980-2006 NAO Coherence Phase
Figure 3.5: As for Figure 3.4 but for Sverdrup transports.
is marginally signicant. Signicance is not improved through use of daily timeseries
which possess larger variability in addition to greater degrees of freedom. Signicance
could be marginally improved through removal of the small seasonal cycle, but that is
not done here. Multi-annual to decadal variability (seen more clearly in Figure 3.13) is
also apparent.
Long-term linear trends (shown in Figure 3.6) for monthly NCEP-NCAR and NOC
data are not signicantly dierent from zero at 95% condence (Table 3.6). Using daily
NCEP-NCAR data (1980-2007), a positive regression coecient is discernible at near
95% condence but is very small, amounting to changes of  0.5 Sv over almost 30
years. Linear trends calculated for NCEP-NCAR, NOC and QuikSCAT climatologies108 Chapter 3. Wind Climatology Comparison at 26N
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Figure 3.6: Comparison of NCEP (blue), NOC (red) and QuikSCAT (green) Ekman
and Sverdrup transport annual means, variability and trends. Left column, Ekman
transports, Right column, Sverdrup transports. Top row, annual means (dotted lines
denote linear trends, blue=NCEP 1980-2005, red=NOC 1980-2005, black=NCEP 1980-
2007). Bottom row, 1 std. dev. of monthly transport variability for each year
over shorter comparable periods are relatively meaningless as they heavily alias multi-
annual and decadal variability.
Sverdrup transport For Sverdrup transports, NCEP-NCAR, NOC and QuikSCAT
annual means show greater discrepancy than for Ekman transports (Figure 3.6). Over
the QuikSCAT period, year to year changes in mean transport appear more variable for
the QuikSCAT climatology than for NCEP-NCAR and NOC, and all three timeseries
dier in character (consistent with reduced coherence away from annual and semi-annual
frequencies, Figure 3.5). From 1980-2005, NCEP-NCAR and NOC timeseries both cap-
ture the major events, such as a southward Sverdrup transport maximum circa-1997
(see e.g. Figures 3.6, 3.13 and 4.17), explaining the reasonable low-pass correlation in
Table 3.5 and consistent with greater coherence at multi-annual periods (Figure 3.5).
However, at inter-annual periods or over short sections of the Sverdrup transport time-
series, the NCEP-NCAR and NOC climatologies possess contrasting features and should
be approached with caution.
Long-term linear trends (shown in Figure 3.6) for monthly NCEP-NCAR and NOC are
signicantly dierent at 95% condence over the period 1980-2005. The NOC clima-
tology has a negative trend of order - 0.20 Sv yr 1 which is signicantly dierent from
zero at 99.9% condence and amounts to an increased southward Sverdrup transport of
 5 Sv over the period 1980-2005 (Table 3.6). The monthly NCEP climatology showsChapter 3. Wind Climatology Comparison at 26N 109
Ekman Transport at 26N: Multi-Decadal means (Sv) and Linear Trends (Sv yr 1)
1950-1979 1980-2007 1980-2005 2000-2007
NCEP MD 3.42 3.63 - -
NCEP JFM MD 2.38 3.71 - -
NCEP LT -
0.017 85%
-0.006/0.041
0.012 61%
-0.015/0.038
0.049
NCEP Daily LT -
0.018 94%
-0.001/0.037
0.012 74%
-0.009/0.034
-
NOC LT - -
0.024 91%
-0.003/0.052
-
Quik LT - - - 0.030
Sverdrup Transport at 26N: Multi-Decadal means (Sv) and Linear Trends (Sv yr 1)
1950-1979 1980-2007 1980-2005 2000-2007
NCEP MD -21.22 -20.30 - -
NCEP JFM MD -29.01 -25.41 - -
NCEP LT -
0.068 90%
-0.012/0.148
0.073 89%
-0.017/0.162
0.500
NCEP Daily LT -
0.065 99.9%
-0.023/0.153
0.070 99.9%
-0.029/0.169
-
NOC LT - -
-0.204 99.9%
-0.317/-0.091
-
Quik LT - - - 0.778
NAO index: MD (NAO Index Units) and LT (NAO Index Units yr 1)
1950-1979 1980-2007 1980-2005 2000-2007
NAO MD -0.10 0.11 - -
NAO JFM MD -0.37 0.44 - -
NAO LT -
-0.007 70%
-0.020/0.006
-0.006 60%
-0.021/0.008
-0.02
Table 3.6: Multi-Decadal Means (MD; for the periods 1950-1979 and 1980-2007) and
Linear Trend coecients (LT) of NAO index, and Ekman and Sverdrup transports at
26N. Figures for NCEP, NOC and QuikSCAT climatology overlap are given where
possible. Wintertime multi-decadal means are also included (JFM). Full linear regres-
sion statistics are given for longer period NCEP-NCAR and NOC data, these are:
regression coecient, linear regression model condence `p' (%) and 95% coecient
condence intervals (in italic). Note that mean seasonal cycles have been removed
prior to calculation of regressions.
no signicant trend at 95% condence however by using the daily NCEP-NCAR clima-
tology, a small non-zero positive trend of order 0.07 Sv yr 1 can be identied at 99.9%
condence, amounting to a decreased southward Sverdrup transport of  1.5-2 Sv over
the period 1980-2005.
As discussed in Chapter 2, a signicant negative trend in Sverdrup transport implies a
reduction in AMOC strength at 26N given that no signicant trend is observed in either110 Chapter 3. Wind Climatology Comparison at 26N
Florida Straits or Ekman transport from 1980-2005. However, it is not clear which trend
in Sverdrup transport may be accurate. Section 3.4.1.5 shows that Sverdrup transport
across 26N regresses onto the NAO index on order 3-4 Sv per NAO unit at multi-annual
periods. No signicant trend is seen in the NAO index over the period 1980-2005 (Table
3.6) and therefore cannot explain the signicant negative trend seen for NOC Sverdrup
transports over equivalent period. A comparison of NCEP and NOC Sverdrup transport
trends across 26N is shown in Figure 3.7. Most of the dierence in zonally integrated
linear trend arises in the western and eastern Atlantic basin through a gradual increase in
anticyclonic wind stress curl over time in the NOC climatology. In the western Atlantic,
dierences in wind stress curl trends are mostly attributable to zonal wind stress shear,
whilst in the eastern Atlantic, dierences in both zonal and meridional wind stress
shear account for contrasting climatology trends (Figure 3.7). Large dierences in linear
trend across 26N occur in regions where correlation between NCEP-NCAR and NOC
Sverdrup transport variability is also reduced, particularly in the eastern Atlantic (Figure
3.18). Reduced correlation between NCEP and NOC Sverdrup transports in the eastern
Atlantic at 26N is part of a wider patch of reduced correlation seen between NOC
and NCEP wind stress in the eastern sub-tropical Atlantic (Figure A.1). This reduced
correlation (both at 26N and in the North Atlantic) seems in part attributable to greater
sampling uncertainty in the NOC climatology. Figure 3.8 shows wind speed random
uncertainty for the NOC v2.0 climatology (http://www.noc.soton.ac.uk/noc_flux)
in the North Atlantic where a triangular patch of enhanced sampling uncertainty is
evident in the south-east subtropical North Atlantic outside the major shipping lanes.
At present, uncertainty estimates are not available for the NOC v1.1 dataset, nor for
wind stress in the NOC v2.0 dataset, and the magnitude and spatial distribution of errors
will dier somewhat for NOC v1.1 (Kent et al., 2000) and for wind stress elds when
wind direction errors are taken into account. This does however oer some explanation
for the drop in coherence between NOC v1.1 and NCEP or QuikSCAT climatologies
in the subtropical North Atlantic (Figures A.1 and A.3). The dierence in NCEP and
NOC trends approaching the western basin margin is harder to explain (particularly as
zonal winds stress is well correlated in this region, Figure A.1) though it is noted that
coherence between NCEP and QuikSCAT wind stress curl is diminished approaching
the basin margins (Figures A.2 and 3.20) and NCEP data may be more uncertain in
this region.Chapter 3. Wind Climatology Comparison at 26N 111
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Figure 3.7: A comparison of NCEP and NOC Sverdrup transport linear trends across
26N, 1980-2005. Top panels, NCEP (left) and NOC (right) Sverdrup annual mean
transport anomalies across 26N (Sv m 1). Bottom left panel, NCEP and NOC Sver-
drup transport linear trend coecients. Bottom right, NCEP and NOC linear trend
coecients for horizontal wind stress shear terms, bold=
y
x , dashed= x
y
Although the NOC climatology suers from greater sampling uncertainty in the eastern
sub-tropical Atlantic, it is emphasised that it is still an observation based climatology
and the available data points towards enhanced anticyclonic wind stress curl over time
in the sub-tropical Atlantic at 26N. The NCEP-NCAR climatology is also likely to
suer from an absence of data in this region and may well smooth over and obscure
what little evidence there is of any long term trends (see Figure 3.7, top). It is noted
that mean QuikSCAT Sverdrup transport for 2000-2005 (where NCEP-NCAR, NOC
and QuikSCAT overlap) is closer to mean NOC transport over this period than mean
NCEP-NCAR transport (when QuikSCAT is calculated over the same longitudinal range
as NOC, Section 3.4.1.1) and that a depression of the 17.5 C isotherm is observed in the
mid-ocean at 26N for hydrographic sections in 1998 and 2004 relative to 1981 and 1992,
indicative of enhanced Ekman pumping (Chapter 4). Given the available evidence, it
is not possible to say with condence which trend, if either, is accurate. Comparisons
with other modern climatologies may lend further weight to one or other of the trends
presented here. For now, the strengthening southward trend in Sverdrup transport from
1980-2005 across 26N, as seen in the NOC climatology, is deemed more likely.112 Chapter 3. Wind Climatology Comparison at 26N
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Figure 3.8: Wind speed random uncertainty (m/s) for the NOC v2.0 climatology
1973-2006 in the North Atlantic (top) and across 26N (bottom).
3.4.1.4 Seasonal cycles
Figure 3.9 shows Ekman and Sverdrup transport seasonal cycles calculated as a simple
arithmetic mean of monthly transports (for periods of climatology overlap where possi-
ble). Transport variability, given as 1 std. dev. for each calendar month, is also shown.
Seasonal cycle range and maximum and minimum monthly variability plus standard
errors are given in Table 3.7. Seasonal cycles calculated for each climatology and over
dierent averaging periods are generally very similar in character.Chapter 3. Wind Climatology Comparison at 26N 113
J F M A M J J A S O N D
−2
0
2
4
6
8
T
r
a
n
s
p
o
r
t
 
(
S
v
)
1980−2007
J F M A M J J A S O N D
−2
0
2
4
6
8
T
r
a
n
s
p
o
r
t
 
(
S
v
)
1980−2005
J F M A M J J A S O N D
−2
0
2
4
6
8
T
r
a
n
s
p
o
r
t
 
(
S
v
)
 2000−2007
J F M A M J J A S O N D
−40
−30
−20
−10
0
10
T
r
a
n
s
p
o
r
t
 
(
S
v
)
1980−2007
J F M A M J J A S O N D
−40
−30
−20
−10
0
10
T
r
a
n
s
p
o
r
t
 
(
S
v
)
1980−2005
J F M A M J J A S O N D
−40
−30
−20
−10
0
10
T
r
a
n
s
p
o
r
t
 
(
S
v
)
 2000−2007
Ekman Transport
Sverdrup Transport
Figure 3.9: Comparison of NCEP (blue), NOC (red) and QuikSCAT (green) seasonal
cycles of Ekman transport (left column) and Sverdrup transport (right column) zonally
integrated across 26N. Top row, NCEP 1980-2007, middle row, NCEP/NOC 1980-
2005, bottom row, NCEP/QuikSCAT 2000-2007. Bars denote 1 std. dev. of transport
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Ekman Transport Seasonal Cycles at 26N
1980-2007 1980-2005 2000-2007
NCEP range 1.70 1.69 2.31
NCEP Std. Dev. max. 2.96 (0.56) 3.04 (0.60) 3.46 (1.22)
NCEP Std. Dev. min. 0.86 (0.16) 0.86 (0.17) 0.78 (0.28)
NOC range - 1.97 -
NOC Std. Dev. max. - 3.10 (0.61) -
NOC Std. Dev. min. - 0.93 (0.18) -
Quik range - - 2.97
Quik Std. Dev. max. - - 3.54 (1.25)
Quik Std. Dev. min. - - 0.84 (0.30)
Sverdrup Transport Seasonal Cycles at 26N
1980-2007 1980-2005 2000-2007
NCEP range 17.61 17.45 21.35
NCEP Std. Dev. max. 8.55 (1.62) 8.58 (1.68) 10.62 (3.75)
NCEP Std. Dev. min. 3.62 (0.68) 3.64 (0.71) 3.81 (1.34)
NOC range - 17.24 -
NOC Std. Dev. max. - 10.93 (2.14) -
NOC Std. Dev. min. - 4.64 (0.91) -
Quik range - - 24.86
Quik Std. Dev. max. - - 13.67 (4.83)
Quik Std. Dev. min. - - 3.44 (1.22)
Table 3.7: Seasonal cycle range and maximum/minimum variability (given as 1 std.
dev.) for each calendar month for monthly NCEP-NCAR, NOC and QuikSCAT clima-
tologies. Figures are given over periods of climatology overlap where possible. Maxi-
mum and minimum standard errors are also given (brackets, 1 standard error).
Ekman seasonal cycle The Ekman transport seasonal cycle at 26N is discussed in
detail in Chapter 2. From 1980-2007, the NCEP-NCAR climatology possesses a seasonal
cycle of range  1.7 Sv (Table 3.7) with similar features to those discussed in Chapter 2
(Figure 3.9). Note that this seasonal range is smaller than that discussed in Chapter 2
where daily NCEP data was used (2.7 Sv), because simple monthly means don't capture
the extremes of seasonal transport (see also Section 4.3.1.4). However, for the purposes
of climatology comparison, monthly resolution is the highest resolution shared by all
three climatologies.
Zonally integrated NOC and QuikSCAT seasonal cycles are similar in structure to NCEP
(Figure 3.9) with small dierences in character not signicant within 2 standard er-
ror. NCEP-NCAR, NOC and QuikSCAT basin wide seasonal cycle structure is also
very similar (Figure 3.10), with major dierences only apparent at the basin margins.
Broadly, NCEP-NCAR northward Ekman transports are weaker year round than NOCChapter 3. Wind Climatology Comparison at 26N 115
−70 −60 −50 −40 −30 −20
J
F
M
A
M
J
J
A
S
O
N
D
Ekman Seasonal Cycle
 
 
0
0.2
0.4
0.6
0.8
1
1.2
x 10
−6
−70 −60 −50 −40 −30 −20
J
F
M
A
M
J
J
A
S
O
N
D
Ekman Seasonal Variability
 
 
0
0.2
0.4
0.6
0.8
1
x 10
−6
−70 −60 −50 −40 −30 −20
J
F
M
A
M
J
J
A
S
O
N
D
 
 
0
0.2
0.4
0.6
0.8
1
1.2
x 10
−6
−70 −60 −50 −40 −30 −20
J
F
M
A
M
J
J
A
S
O
N
D
 
 
0
0.2
0.4
0.6
0.8
1
x 10
−6
−70 −60 −50 −40 −30 −20
J
F
M
A
M
J
J
A
S
O
N
D
 
 
0
0.2
0.4
0.6
0.8
1
1.2
x 10
−6
−70 −60 −50 −40 −30 −20
J
F
M
A
M
J
J
A
S
O
N
D
 
 
0
0.2
0.4
0.6
0.8
1
x 10
−6
−70 −60 −50 −40 −30 −20
J
F
M
A
M
J
J
A
S
O
N
D
Longitude
 
 
0
0.2
0.4
0.6
0.8
1
1.2
x 10
−6
−70 −60 −50 −40 −30 −20
J
F
M
A
M
J
J
A
S
O
N
D
Longitude
 
 
0
0.2
0.4
0.6
0.8
1
x 10
−6
Figure 3.10: Ekman transport seasonal cycle (left column) and monthly variability
(right column, 1 std. dev.) across 26N for NCEP, NOC and QuikSCAT data (Sv m 1).
Top row=NCEP-NCAR 1980-2005, 2nd row=NOC 1980-2005, 3rd row=NCEP-NCAR
2000-2007, bottom row=QuikSCAT 2000-2007.
and QuikSCAT, as expected from Sections 3.4.1.1 and 3.4.1.2, with smaller seasonal
range and monthly variability (Table 3.7). Seasonal cycles calculated over the shorter
period 2000-2007 show greater range and monthly variability because of the aliasing of
non-seasonal variability.
Sverdrup seasonal cycle The Sverdrup transport seasonal cycle at 26N is discussed
in detail in Chapter 2. From 1980-2007, the NCEP-NCAR climatology possesses a
seasonal cycle of range  17.6 Sv (Table 3.7) and contains a distinct semi-annual cycle
(Figure 3.9). Similar to the Ekman transport seasonal cycle, this seasonal range is116 Chapter 3. Wind Climatology Comparison at 26N
smaller than that discussed in Chapter 2 (20.4 Sv) due to the use of monthly values
here.
Zonally integrated NOC and QuikSCAT seasonal cycles are similar in structure to NCEP
(Figure 3.9) with small dierences in character not signicant within 2 standard errors.
NCEP-NCAR, NOC and QuikSCAT basin wide seasonal cycle structure is relatively
similar (Figure 3.10), though major dierences exist at the eastern basin margin (Sec-
tion 3.4.2.6). Broadly, NCEP-NCAR southward Sverdrup transports are weaker year
round than NOC and QuikSCAT, as expected from Sections 3.4.1.1 and 3.4.1.2, with
generally smaller seasonal range and basin wide monthly variability (Table 3.7 and Fig-
ure 3.11). The NOC climatology shows slightly reduced range relative to NCEP-NCAR
for the period 1980-2005 (Table 3.7) as well as a `chevron-like' pattern of monthly vari-
ability that appears mirrored in comparison with NCEP-NCAR and QuikSCAT, due to
enhanced year round variability in the eastern Atlantic (Figure 3.11). Enhanced Sver-
drup transport variability in the eastern Atlantic at 26N appears to be a consistent
feature of the NOC climatology (Section 3.4.2.1) and may result from greater sampling
uncertainty in this region (Figure 3.8).
3.4.1.5 Relationship to the NAO
The NAO is the major mode of SLP variability in the North Atlantic (e.g. Marshall et al.,
2001; Hurrell et al., 2003) and may be expected to play a prominent role in Ekman and
Sverdrup transport variability at 26N. Figures 3.12 and 3.13 show raw and low-pass
ltered (at 3-year cut-o period) timeseries of NAO index and Ekman and Sverdrup
transports (1980-2007). Values for correlation and regression of NCEP-NCAR, NOC
and QuikSCAT transports at 26N onto the NAO index are given in Tables 3.8 and
3.9 (note that monthly mean seasonal cycles have been removed prior to calculation
of these statistics). The NAO index used is as described in Section 2.2. Note that
relationships with other major modes of atmospheric variability are not explored as an
EOF analysis revealed they do not make a major contribution to transport variability
at 26N (Appendix B).
Ekman transports Ekman transports integrated across 26N for monthly NCEP-
NCAR, NOC and QuikSCAT climatologies show a very similar relationship to the NAOChapter 3. Wind Climatology Comparison at 26N 117
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Figure 3.11: Sverdrup transport seasonal cycle (left column) and monthly variability
(right column, 1 std. dev.) across 26N for NCEP, NOC and QuikSCAT data (Sv m 1).
Top row=NCEP-NCAR 1980-2005, 2nd row=NOC 1980-2005, 3rd row=NCEP-NCAR
2000-2007, bottom row=QuikSCAT 2000-2007.
index (Table 3.8). Generally, a correlation of r  0.5-0.6 is seen between Ekman trans-
ports and NAO index for both raw and ltered timeseries at over 99 % condence.
Low-pass ltered time series tend to have marginally lower correlation coecients than
high-pass ltered timeseries. NOC / QuikSCAT climatologies tend to have marginally
lower / higher correlation coecients than NCEP-NCAR timeseries. Reasonable corre-
lation between Ekman transports and the NAO index is evident in Figure 3.13 where
features of NAO index multi-annual to decadal variability are also seen in the Ekman
data (e.g. generally enhanced northward Ekman transport in the early 1990s switching
to reduced transports in the late 1990s, matching a similar pattern in the NAO).118 Chapter 3. Wind Climatology Comparison at 26N
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Figure 3.12: Plots of NCEP (blue), NOC (red) and QuikSCAT (green) Ekman (top)
and Sverdrup (bottom) monthly transports. Black lines denote NAO index (scaled to
t on the same axis, as stated in the y-axis labels).
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Figure 3.13: As for Figure 3.12 except low-pass ltered at 36-month period (note
that one cut-o period is removed from each end of the ltered timeseries). Best t
linear trends are also shown.
Figure 3.4 shows coherence of the NAO index with NCEP and NOC Ekman transports.
NCEP coherence with the NAO index is marginally greater at most frequencies than
for the NOC climatology, consistent with NCEP's marginally greater correlation with
the NAO index (Table 3.8). Signicant coherence is seen between NCEP and NOC
Ekman transports and the NAO index at all periods > 3 years explaining similaritiesChapter 3. Wind Climatology Comparison at 26N 119
in character of NAO and Ekman transports seen in Figure 3.13. At lower frequencies
the NCEP-NCAR and NOC Ekman transports lead changes in NAO index by  1
year or more, suggesting that at periods > a few years, changes in zonal wind stress
associated with the NAO tend to lead changes in the NOAA NAO index itself (this
lead time approaches half a year at interannual periods). This result is unexpected and
remains unexplained. At higher frequencies, sporadic coherence is seen between Ekman
transports and the NAO index. Of note is a band of insignicant coherence at interannual
timescales of variability (1.5-3 year periods) for both NCEP and NOC climatologies that
may be associated with a drop in NAO power at these frequencies (Figure 3.14). The
higher frequency `undulations' of low-pass Ekman transport timeseries in Figure 3.13
are not obviously matched by `undulations' in the NAO index implying other important
sources of Ekman transport variability at inter-annual to multi-annual timescales at
26N. This may be partly due to variability in strength of the Azores SLP high (Appendix
B). Extending the NCEP low-pass Ekman transport record to the period 1950-2007, a
correlation coecient of 0.56 is found with the NAO index, consistent with the 1980-2007
period.
Ekman transports regressed on the NAO index give coecients of range  0.8-1.2 Sv per
unit NAO index at 95% condence for the longer NCEP and NOC datasets (Table 3.8).
Low-pass regressions give coecients of range  0.2-1.3 Sv per unit NAO index at 95%
condence where fewer degree of freedom are available. Over the shorter QuikSCAT
period, regression coecients are larger, ranging from  0.7-1.5 Sv per unit NAO index
at 95% condence. Regression coecients for NCEP, NOC and QuikSCAT climatologies
are in agreement within 95% condence limits, including for the period 2000-2005 where
all three climatologies overlap (not shown). Overall, the longer NCEP and NOC datasets
(1980-2005) are used here to suggest that a change in Ekman transport of  1 Sv per
NAO index unit can be expected at 26N.
Sverdrup transports Sverdrup transports integrated across 26N for NCEP-NCAR,
NOC and QuikSCAT show a modest correlation of  0.3-0.4 (signicant at 99%) with
the monthly NAO index for both raw and high-pass ltered (at 3-year cut-o period)
transports. Low-pass ltered transports for NCEP-NCAR and NOC show greater cor-
relation with the NAO index, with r  0.4-0.7 at 95% or greater signicance (Table 3.9).
The NCEP-NCAR and QuikSCAT climatologies show a marginally stronger correlation120 Chapter 3. Wind Climatology Comparison at 26N
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Figure 3.14: Power spectra for monthly NAO index over the periods 1950-2008 (blue)
and 1980-2007 (red).
Ekman transports at 26N - NAO index: Correlation and Regression
Monthly Climatology r m p (%) mup mlo r2
NCEP 1980-2007 0.54 0.98 99.9 1.14 0.81 0.29
NCEP 1980-2007 HP* 0.53 0.99 99.9 1.17 0.82 0.28
NCEP 1980-2007 LP* 0.49 0.72 99 1.23 0.22 0.24
NCEP 1980-2005 0.54 0.99 99.9 1.16 0.81 0.29
NOC 1980-2005 0.52 1.00 99.9 1.18 0.81 0.27
NCEP 1980-2005 HP* 0.54 1.01 99.9 1.19 0.83 0.29
NOC 1980-2005 HP* 0.52 1.07 99.9 1.27 0.88 0.27
NCEP 1980-2005 LP* 0.55 0.80 99.6 1.31 0.28 0.30
NOC 1980-2005 LP* 0.48 0.77 98.7 1.36 0.18 0.23
NCEP 2000-2007 0.56 1.03 99.9 1.34 0.72 0.32
Quik 2000-2007 0.58 1.13 99.9 1.46 0.80 0.33
NCEP 2000-2007 HP* 0.53 1.04 99.9 1.38 0.70 0.28
Quik 2000-2007 HP* 0.57 1.17 99.9 1.52 0.83 0.33
Table 3.8: Correlations and Regressions of NAO index and Ekman transports in-
tegrated across 26N calculated using NCEP-NCAR, NOC and QuikSCAT climatolo-
gies. Figures for periods of climatology overlap are given where possible. Regression
coecients (m) are given in Sverdrups per unit NAO index. Linear regression model
condence `p' (%), 95% coecient condence intervals (mup and mlo) and r2 are also
given. *HP and LP correspond to High-Pass and Low-Pass ltered timeseries respec-
tively (using a 36-month cut-o period). Mean seasonal cycles have been removed prior
to calculation of correlations and regressions.
with the NAO index than NOC. Figure 3.13 suggests that signicant correlation mostly
occurs at multi-annual to decadal timescales. From the late 1980s to mid 1990s the
NAO index moved into a high state, before dropping to a low in the late 1990s and
then gradually recovering to moderate/high values in the early-mid 2000s. This gen-
eral behaviour is matched by the NCEP and NOC Sverdrup transports, though someChapter 3. Wind Climatology Comparison at 26N 121
dierences are evident, e.g. the transition to a high NAO state in the late 1980s is not
matched by an immediate reduction in southward Sverdrup transports. Consistent with
this, Figure 3.5 shows that coherence between Sverdrup transport at 26N and the NAO
is greatest at the lowest resolved frequencies (whilst little coherence is seen at interan-
nual timescales where the NAO index shows a drop in power, Figure 3.14). At shorter
periods, marginally signicant coherence is seen in isolated frequency bands but this is
likely to be non-meaningful signal noise.
In contrast with Ekman transport at 26N, coherence between Sverdrup transport at
26N and the NAO index is less clear. However, at multi-annual and decadal periods
the NAO and Sverdrup transport timeseries do have their major features of variability
in common and for now it seems reasonable to assume that NAO variability makes an
important contribution to maxima and minima of Sverdrup transport at these timescales.
This coherence should be re-addressed when longer records are available covering more
than a few decadal cycles of variability. It is noted that in 2009, both the NAO index and
Sverdrup transport at 26N were approaching a minima (Figure 4.17) lending further
credence to this conclusion. If the NAO index and NCEP Sverdrup transport records are
extended to cover 1950-2007, a weaker correlation is seen between the two timeseries at
multi-annual periods (r=0.28) though the reliability of the NCEP data is questionable
over the earlier part of the record where fewer observations are available.
Low-pass (detrended) Sverdrup transports regressed on the NAO index give coecients
of range  0-7 Sv yr 1 at 95% condence (Table 3.9). High-pass Sverdrup transports give
coecients of range  1-5 Sv yr 1 at 95% condence for NCEP, NOC and QuikSCAT.
Regression coecients for NCEP, NOC and QuikSCAT climatologies are in agreement
within 95% condence limits, including for the period 2000-2005 where all three clima-
tologies overlap (not shown). For now it is reasonable to assume a change in zonally
integrated Sverdrup transport across 26N of order 2-4 Sv per NAO index unit. Note
that the sign of this regression is counterintuitive, given that a positive NAO state may
be expected to `spin-up' the sub-tropical gyre and enhance southward Sverdrup trans-
port (where positive values of Sverdup transport are northward). This reduction in
southward Sverdrup transport during positive NAO state is due to cyclonic wind stress
curl anomalies which develop in the sub-tropical Atlantic during high NAO conditions
(particularly in the central and western Atlantic, DiNezio et al., 2009, and Figures 2.17
and 3.25).122 Chapter 3. Wind Climatology Comparison at 26N
Sverdrup transports at 26N - NAO index: Correlation and Regression
Monthly Climatology r m p (%) mup mlo r2
NCEP 1980-2007 0.31 1.92 99.9 2.56 1.29 0.10
NCEP 1980-2007 HP* 0.29 1.88 99.9 2.54 1.22 0.09
NCEP 1980-2007 LP* 0.64 4.42 99.6 7.19 1.65 0.41
NCEP 1980-2005 0.30 1.87 99.9 2.54 1.21 0.09
NOC 1980-2005 0.23 1.81 99.9 2.66 0.95 0.05
NCEP 1980-2005 HP* 0.29 1.87 99.9 2.55 1.19 0.09
NOC 1980-2005 HP* 0.23 1.94 99.9 2.83 1.04 0.06
NCEP 1980-2005 LP* 0.66 4.00 99.6 6.52 1.47 0.43
NOC 1980-2005 LP* 0.43 2.77 94.6 5.58 -0.05 0.18
NCEP 2000-2007 0.46 3.18 99.9 4.45 1.92 0.21
Quik 2000-2007 0.42 3.93 99.9 5.67 2.19 0.18
NCEP 2000-2007 HP* 0.40 3.00 99.9 4.39 1.61 0.16
Quik 2000-2007 HP* 0.39 3.64 99.9 5.39 1.88 0.15
Table 3.9: As for Table 3.8 but for Sverdrup transports
Multi-decadal variability and trends For the period 1980-2007, no signicant
trend is observed in the NAO index (Table 3.6). NCEP and NOC Ekman transports
also show no signicant trend over this period such that multi-decadal changes in mean
Ekman transport may still reect changes in the NAO. From the 1950s to 1970s, the
NAO was in a generally negative state, whilst from the the 1980s to 2000s, the NAO
was in a generally positive state. Comparing mean NCEP Ekman transport at 26N
for the periods 1950-1979 and 1980-2007, mean transport increased by  0.2 Sv in the
latter period, whilst mean NAO index increased by  0.2 (Table 3.6), in agreement with
the regression coecients given in Table 3.8 of  1 Sv per NAO index unit for the sub-
decadal Ekman transport variability. Multi-decadal changes in the seasonal cycle are
also evident because of seasonality in NAO strength. Table 3.6 shows long term Winter
(JFM) Ekman transports change by > 1Sv, whilst annual mean transports change by
only  0.2 Sv (Figure 3.15), consistent with stronger NAO variability in the Winter
months. It is noted that whilst earlier NCEP data may be unreliable due to a scarcity of
observations, a comparison of two multi-decadal means based on what data is available
seems a reasonable approach.
As described in Section 3.4.1.3, NCEP and NOC Sverdrup transport trends dier sig-
nicantly over the period 1980-2007 and enhanced southward Sverdrup transport seen
only in the NOC climatology cannot be explained by a trend in the NAO index. OtherChapter 3. Wind Climatology Comparison at 26N 123
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Figure 3.15: NCEP Ekman (left) and Sverdrup (right) transports seasonal cycles at
26N (blue) and seasonal NAO index (black) for periods 1950-1979 (lines) and 1980-
2007 (lines with crosses).
potential sources for this negative trend cannot however be ruled out given the gener-
ally weaker coherence observed between NAO and Sverdrup transport variability than
for NAO and Ekman transport variability. The issue of diering trends in Sverdrup
transport remains unresolved. Comparing mean NCEP Sverdrup transport at 26N for
the periods 1950-1979 and 1980-2007, mean southward transport decreased by  0.9
Sv in the latter period (Table 3.6), in agreement with the regression coecients given
in Table 3.9 of  3-4 Sv per NAO index unit for sub-decadal Sverdrup transport vari-
ability. Similar to Ekman transports, multi-decadal changes in the Sverdrup transport
seasonal cycle are also observed which are most pronounced in Winter (JFM), with a
mean dierence of  3.5 Sv in Winter Sverdrup transport between opposing high and
low long-term NAO states (Table 3.6 and Figure 3.15). The NAO therefore aects both
Ekman and Sverdrup seasonal transport at 26N, particularly during the Winter.
3.4.2 Transports across 26N
3.4.2.1 Mean and standard deviation
Ekman transport Figure 3.16 shows how mean Ekman transport and its variability
is distributed across 26N for NCEP, NOC and QuikSCAT climatologies. Mean north-
ward ow is observed across the full basin width but is  10-20% stronger in the eastern
basin than in the west. This is also the case in the NOC and QuikSCAT climatolo-
gies although their mean transports are generally slightly larger, as discussed in Section
3.4.1.1. Greater discrepancy is observed east of 25W, where a reduction in northward124 Chapter 3. Wind Climatology Comparison at 26N
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Figure 3.16: NCEP (blue), NOC (red) and QuikSCAT (green) Ekman transports
across 26N. Left Column; mean transport, Middle Column; monthly transport vari-
ability (1 std. dev.), Right Column, ltered transport variability (1 std. dev.) for daily
transports high-pass ltered at 30-day period (solid line), monthly transports high-pass
ltered at 36-month period (dashed line) and monthly transports low-pass ltered at
36-month period (dash-dot line). Top Row; NCEP 1980-2007, Middle Row; NCEP and
NOC 1980-2005, Bottom Row; NCEP and QuikSCAT 2000-2007.
ow seen for the NCEP climatology close to 21W is not seen in the QuikSCAT and
NOC climatologies. More striking are the dierences in Ekman transport at the eastern
basin margin where NCEP shows a sharp reduction in transport, QuikSCAT shows a
sharp increase in transport and NOC shows no change in transport. This discrepancy
in transport properties close to the eastern boundary may in part be due to small scale
variability in the lee of the Canary Islands which is poorly represented in the coarser
resolution climatologies (Section 3.4.2.6).
Monthly Ekman transports show generally similar magnitude variability across most of
26N though with reduced magnitude approaching the eastern margin (Figure 3.16).Chapter 3. Wind Climatology Comparison at 26N 125
In the eastern basin, a slight enhancement in variability is observed in the NCEP and
QuikSCAT climatologies, which is much more pronounced in the NOC climatology. This
distribution is attributable to the distribution of sub-interannual variability across 26N
(i.e. monthly data high-passed at 36-month cut-o period show a similar longitudinal
structure) which is the band in which most transport variability power occurs (Figure
3.3). At lower frequencies (low-pass at 36-month cut-o), the reduction in variability
approaching the eastern boundary is less pronounced. Generally, NCEP variability is
smaller than that for NOC and QuikSCAT across the full basin width, consistent with the
integrated transport properties discussed in Section 3.4.1.1. This is particularly obvious
when comparing daily NCEP and QuikSCAT climatologies, high-passed at 30-day period
(Figure 3.16, bottom right panel), where it is probable that the coarse resolution NCEP
grid is not capturing small scale variability.
Sverdrup transport Figure 3.17 shows the distribution of mean Sverdrup trans-
port and its variability across 26N. In comparison with Ekman transports, much more
discrepancy is observed between climatologies, particularly for Sverdrup transport vari-
ability. All climatologies show mean southward Sverdrup transport across the full basin
width, except for QuikSCAT adjacent to the African basin margin. Generally, southward
transports seem slightly reduced in the western basin with a strengthening southward
ow approaching both basin margins. At the eastern margin, mean transport becomes
quite erratic and more pronounced dierences are observed between climatologies.
In terms of Sverdrup transport variability, NCEP, NOC and QuikSCAT show some pro-
nounced dierences. NCEP and QuikSCAT monthly Sverdrup transports show a general
reduction in variability moving west to east across the basin, with a slight increase close
to the eastern boundary (Figure 3.17, middle column), although QuikSCAT transport
variability is consistently stronger than NCEP. From 1980-2005, NOC Sverdrup trans-
port variability across 26N is dierent in character to NCEP (and consistently greater),
showing relatively constant variability across the western half of the basin but with sig-
nicant enhancement in the eastern basin. For all monthly climatologies, the distribution
of variability is attributable to the distribution of sub-interannual variability across 26N
which is the band in which most transport variability power occurs (Figure 3.3). At lower
frequencies (low-pass at 36-month cut-o), Sverdrup transport variability is generally
more constant across the basin width for NCEP-NCAR and NOC climatologies, though126 Chapter 3. Wind Climatology Comparison at 26N
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Figure 3.17: NCEP (blue), NOC (red) and QuikSCAT (green) Sverdrup transports
across 26N. Left Column; mean transport, Middle Column; monthly transport vari-
ability (1 std. dev.), Right Column, ltered transport variability (1 std. dev.) for daily
transports high-pass ltered at 30-day period (solid line), monthly transports high-pass
ltered at 36-month period (dashed line) and monthly transports low-pass ltered at
36-month period (dash-dot line). Top Row; NCEP 1980-2007, Middle Row; NCEP and
NOC 1980-2005, Bottom Row; NCEP and QuikSCAT 2000-2007.
NOC still shows some enhancement of variability in the eastern basin (Figure 3.17, right
column). For the daily climatologies, high-pass ltered (at 30-day cut-o) QuikSCAT
variability far exceeds that of NCEP (Figure 3.17, bottom right panel) as expected from
power spectra (Figure 3.3) and the relatively coarse resolution NCEP grid.
3.4.2.2 Climatology comparisons: NCEP and NOC
Figure 3.18 shows correlations between raw (left column) and ltered (right column)
NCEP-NCAR and NOC transports for the period 1980-2005.Chapter 3. Wind Climatology Comparison at 26N 127
Ekman transports Ekman transport correlation between NCEP and NOC is high for
monthly, low and high-pass (at 36-month cut-o period) transports, with a slight dip in
correlation from 40-20W where enhanced NOC variance is also observed (Figure 3.18).
Reduced correlations in the eastern basin (along with enhanced NOC variability, Figure
3.16) seems in part attributable to greater sampling uncertainty in the south-eastern
sub-tropical Atlantic in the NOC climatology (Figure 3.8) whilst high correlations in
the western Atlantic at 26N are part of a band of enhanced correlation (and reduced
sampling uncertainty) extending between the Caribbean and western Europe (Figure
A.1). Also of note is a substantial drop in low-pass (multi-annual) Ekman transport
correlation approaching the Bahamas which partly coincides with diering long-term
trends in this region (Figure 3.7) and may be a problem with NCEP given NOC sam-
pling uncertainty is low in this region. Figure 3.19 shows timeseries of low-pass Ekman
transport anomalies for NCEP and NOC climatologies across 26N. Similar large scale
modes of variability are clearly seen in both climatologies, though NOC variability is of
slightly greater magnitude. Transport anomalies are banded across the basin-width in
both NCEP and NOC data, and correspond to the `undulations' in Figure 3.13.
Sverdrup transports Sverdrup transport correlation between NCEP and NOC is
reasonable for monthly, low and high-pass (at 36-month cut-o period) transports,
though with a marked reduction in the eastern basin at 26N (Figure 3.18). Similar
to Ekman transport, reduced correlations in the eastern basin (along with enhanced
NOC variability, Figure 3.16) may be related to greater sampling uncertainty in the
NOC climatology (Figure 3.8) whilst high correlations in the western Atlantic at 26N
are part of a band of enhanced correlation extending between the Caribbean and west-
ern Europe (Figure A.1). Removal of the mean Sverdrup transport seasonal cycle across
26N results in a small reduction in correlation.
Curiously, correlation coecients are highly variable over small space scales (< 500 Km)
and generally lower than for zonally integrated transport properties (Table 3.5). The
same applies to Ekman transports and for other inter-climatology comparisons described
below. This is briey addressed in Section 3.4.2.5.128 Chapter 3. Wind Climatology Comparison at 26N
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Figure 3.18: Correlations of NCEP and NOC Ekman (top) and Sverdrup (bottom)
transports across 26N, 1980-2005. Left Column; monthly timeseries correlations, Right
Column; ltered timeseries correlations, black / red = high-pass ltered at 36-month
cut-o period with / without seasonal cycle, blue = low-pass ltered at 36-month cut-o
period.
3.4.2.3 Climatology comparisons: NCEP and QuikSCAT
Figure 3.20 shows the correlation between monthly and high-pass Ekman and Sverdrup
transports across 26N for NCEP and QuikSCAT (2000-2007). Ekman transports show
strong correlation across the full basin width. Sverdrup transports also show a reasonable
correlation, which marginally reduces once the seasonal cycle is reduced (except east of
 25W where QuikSCAT and NCEP seasonal cycles are signicantly dierent, Figure
3.11). Correlation between NCEP and QuikSCAT Sverdrup transports show erratic
correlation over short space scales, similar to correlations between NCEP and NOC
(Figure 3.18). This is briey addressed in Section 3.4.2.5.Chapter 3. Wind Climatology Comparison at 26N 129
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Figure 3.19: NCEP (left column) and NOC (right column) low-pass ltered (at 36-
month period cut-o) Ekman (top) and Sverdrup (bottom) transports across 26N for
1980-2005 (Sv m 1). Note, data have been de-meaned and linearly de-trended and one
lter width has been removed from each end of the data.
3.4.2.4 Climatology comparisons: NCEP, NOC and QuikSCAT
A comparison of NCEP, NOC and QuikSCAT monthly transports across 26N is only
possible over the period 2000-2005 and thus relatively limited in scope (plots of cor-
relation across 26N are not shown). As expected, correlation between NCEP and
QuikSCAT transports is generally greater than between NCEP and NOC or QuikSCAT
and NOC because of the assimilation of QuikSCAT data into the NCEP climatology.
The lack of independence of these datasets means both QuikSCAT and NCEP-NCAR
also show similar correlation to the NOC climatology. Sverdrup transport correlations
are reduced relative to Ekman transport correlations and, as before, correlation between
NOC and NCEP or QuikSCAT in the eastern basin at 26N is low. Highly variable
correlation over small space scales (<500 Km) is again evident, with scales becoming
shorter for ner grid spacings (Table 3.1). This is briey addressed below130 Chapter 3. Wind Climatology Comparison at 26N
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Figure 3.20: As for Figure 3.18 except for NCEP and QuikSCAT, 2000-2007.
3.4.2.5 Climatology comparisons: correlation features
Several curious features are observed when calculating correlations between the dierent
wind climatologies at 26N. Whilst these do not aect the general observations described
above, features of note along with possible explanations are given below.
1. Correlations are highly variable over small space scales. This seems attributable to
the interpolation of climatologies onto a common grid, which is necessary for sta-
tistical comparisons such as correlations. In this study, the interpolation scheme
used when comparing two climatologies across 26N is a simple linear interpolation
of the climatology on the coarsest grid onto the ner grid of the other climatol-
ogy of interest (see Table 3.1). If small scale variability exists which is not well
resolved by the coarser climatology grids, correlations will be lower at grid points
where data used in the interpolation are located further from the grid point of
interest. This in turn will lead to spatial oscillations in climatology correlation
as climatology grids with dierent grid spacings come `in and out of phase'. This
is what is seen in Figures 3.18 and 3.20. Furthermore, the smaller space scales
and greater amplitudes of correlation variability observed when comparing NCEPChapter 3. Wind Climatology Comparison at 26N 131
to QuikSCAT (Figure 3.20) than NCEP to NOC (Figure 3.18) is consistent with
this explanation. A similar eect is also seen when comparing NOC to QuikSCAT
over the period 2000-2005. This correlation variability is particularly noticeable
for Sverdrup transports, where calculation of wind stress curl acts to accentuate
dierences in zonal and meridional wind stress elds. Patchy correlation is also ev-
ident for correlations over the North Atlantic domain, particularly for wind stress
curl elds (Figures A.1, A.2 and A.3).
When comparing climatology data, it might be argued that it is fairer to interpolate
the climatologies of interest onto the coarsest climatology grid. However, the
purpose of this work is to examine in detail the dierences between climatologies,
including where small scale features are not resolved, thus the nest grid is used
for interpolation. It is noted that if interpolation onto the coarser grid is carried
out, correlation variability over short space scales is still observed but is not as
pronounced.
Dierences between either NCEP or NOC and QuikSCAT wind stress is pro-
nounced in regions where small scale turbulent wind phenomena are prone to
develop. In the North Atlantic this includes over the strong SST gradients of the
Gulf Stream and on the leeward side of topographic barriers (e.g. Figure A.2, see
also Risien and Chelton, 2008). Although evidence of this is seen when compar-
ing NCEP and NOC it is not as pronounced, presumably because neither dataset
resolves this small scale variability satisfactorily. Of particular importance for
transport calculations at 26N is the drop in correlation on the leeward side of the
Canary Islands seen in Figure 3.21. Again, this is not obvious when correlating
NCEP and NOC (not shown) and is a feature only captured in the high spatial
resolution QuikSCAT dataset.
2. Correlation values are more variable over small space scales for low-pass data.
This is evident in Figure 3.18 when comparing NCEP and NOC across 26N, and
in Figures 3.22 and A.1 when comparing NCEP and NOC over the North Atlantic
domain. This result seems somewhat counterintuitive as wind stress variability on
longer timescales is also expected to occur on larger space scales and should be well
resolved by both NCEP and NOC grids. Furthermore, any sampling deciencies
should be less problematic when resolving longer period signals and correlations
should increase. Evidence of the latter can be seen in Figure 3.22 where in the132 Chapter 3. Wind Climatology Comparison at 26N
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Figure 3.21: NCEP-QuikSCAT wind stress correlation and seasonal cycle dierence
(2000-2007) o the West African coastline. Correlations (left column) and RMS dif-
ferences between monthly mean seasonal cycles (right column) are shown for zonal
wind stress (top, N m 2), meridional wind stress (middle, N m 2) and wind stress curl
(bottom, N m 3).Chapter 3. Wind Climatology Comparison at 26N 133
southeast sub-tropical gyre NOC sampling uncertainty is high (Figure3.8) and
low-pass zonal wind stress correlations are greater than for high-pass data (Figure
A.1). Zonal wind stress correlations also increase in the sub-polar gyre. However,
across 26N, the patchier appearance of correlations is dicult to explain.
One possible explanation is that the NCEP reanalysis system does a poorer job
of representing lower frequency variability in the subtropical Atlantic. Figure
3.19 shows low-pass Ekman and Sverdrup transport variability for NCEP and
NOC across 26N and it is apparent, particularly for Sverdrup transport, that
NCEP variability is damped relative to NOC. Whilst the patchier distribution
of variability for NOC transports in Figure 3.19 may in part be related to the
sampling distribution, this would be equally problematic for high-pass variability,
thus `over-smoothing' by the NCEP reanalysis system remains the most likely
explanation for variable low-pass correlations across 26N. Damping of the lower
frequencies in NCEP was also implicated in Section 3.4.1.3 as a reason for diering
Sverdrup transport trends in the NCEP and NOC climatologies.
3. Correlations across 26N are generally lower than for zonally integrated transport.
It is notable that correlations for both Ekman and Sverdrup transports zonally
integrated across 26N (Table 3.5) generally exceed those seen in Figures 3.18
and 3.20. This is because small scale variability, which is less well represented on
coarser climatology grids, does not make a major contribution to zonally integrated
transports because it is incoherent over basin scales.
In summary, the small scales of variability not fully resolved on the NCEP and NOC
grids relative to QuikSCAT leads to spatially reduced coherence, notably over strong
SST gradients and in the lee of topographic features such as islands. Furthermore,
when climatologies are interpolated onto common grids for comparison, this can lead to
spatial correlation elds that are patchy in appearance. Finally, the representation of
low frequency variability in NCEP data seems `over-smoothed' in space and time relative
to the low-frequency variability displayed by the NOC climatology.134 Chapter 3. Wind Climatology Comparison at 26N
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Figure 3.22: Correlation between NCEP and NOC multi-annual wind stress vari-
ability over the North Atlantic (1980-2005). Wind stress elds are low-pass ltered
at 36-month cut-o (one lter width is removed from each end of the data) and have
best t linear trends removed. Zonal wind stress (top left), meridional wind stress (top
right) and wind stress curl (bottom) elds are shown.
3.4.2.6 Seasonal cycles
A description of Ekman and Sverdrup seasonal cycles across 26N was included in Section
3.4.1.4. Generally, seasonal cycles across 26N show good agreement between NCEP,
NOC and QuikSCAT however some regional dierences are now discussed. Figure 3.23
shows RMS dierences between monthly seasonal cycles (calculated using a simple arith-
metic mean for each month) for Ekman and Sverdrup transport across 26N.
Ekman transports For Ekman transports, seasonal cycle RMS dierences are gen-
erally lower in the central basin than at the basin margins. At the very eastern margin,
large RMS dierences between NCEP and NOC or QuikSCAT are likely the result of
turbulence leeward of the Canary Islands (or other smaller scale seasonal features) whichChapter 3. Wind Climatology Comparison at 26N 135
are not resolved in the NCEP reanalysis (see also Figure 3.21 and Section 3.4.2.5). This
may also explain the secondary peak observed at  22W. The spiky nature of seasonal
RMS dierences across 26N is likely the result of small scale variability not well resolved
on a coarser grid, as discussed for correlation values in Section 3.4.2.5. More dened
peaks in RMS dierences (away from the margins) for seasonal cycles calculated over
shorter periods (decadal or less) is likely the eect of non-seasonal variability which is
less coherent between climatologies (e.g. for the NOC climatology in the eastern Atlantic
basin at 26N).
Sverdrup transports Similar to Ekman transports, Sverdrup transport seasonal
cycle RMS dierences are generally lower in the central basin than at the basin margins
(Figure 3.23). At the very eastern margin, RMS errors between NCEP and NOC or
QuikSCAT are very large, due in part to the inclusion of NCEP Sverdrup transports
that make use of wind stress values over land during their calculation (note that this is
not done in any other part of this study, land grid points are only incorporated here to
illustrate the uncertainties they introduce into wind stress curl calculations). Whilst a
case is made in Section 4.3.1.4 for using these NCEP Sverdrup transports at the very
eastern boundary at 26N, this should only be done with extreme care. As for Ekman
transports, between  21-17W, large RMS dierences between NCEP and NOC, but
particularly between NCEP and QuikSCAT, are likely due to unresolved turbulence
south of the Canary Islands in the NCEP reanalysis (see also Section 3.4.2.5). This
is evident in Figure 3.21 when viewing seasonal cycle RMS dierences in the eastern
North Atlantic (note that a similar eect is observed on the leeward side of the Cape
Verde's). A discrepancy between 21-17W is also seen for mean Sverdrup (and Ekman)
transports when comparing NCEP, NOC and QuikSCAT datasets (Figure 3.17). At the
very western edge of the Sverdrup sections, a smaller abrupt peak in RMS dierences
may be due to similar problems associated with the Bahamas, however this is less clear.
The complex nature of the seasonal cycle of Sverdrup transport at the eastern margin is
illustrated in Figure 3.24 for QuikSCAT. From the African margin to  21W, seasonal
Sverdrup transport anomalies are highly variable in structure over zonal scales of 10s-
100s of kilometres. The complex nature of the wind stress curl eld in this region was also
discussed by Kanzow et al. (2010) based on the SCOW QuikSCAT climatology (Risien
and Chelton, 2008) who inferred an eect of orographic jet winds induced by the Canary136 Chapter 3. Wind Climatology Comparison at 26N
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Figure 3.23: RMS dierences between monthly mean seasonal cycles of Ekman (top)
and Sverdrup (bottom) transport across 26N for NCEP, NOC and QuikSCAT. Left
Column; compares NCEP-NOC (1980-2005) and NCEP-QuikSCAT (2000-2007), Right
Column; compares NCEP-NOC-QuikSCAT 2000-2005.
Island and Cape Yubi (at 28N on the Moroccan coast). Kanzow et al. (2010) show a
large annual wind stress curl cycle at 26.5N, 16.1W, reminiscent of that seen in Figure
3.24 at 25.75N, 16.25W and 16.75W for the MWF climatology. However, Figure
3.24 also shows a seasonal cycle of diering phase inshore of these latitudes at 15.25W
and 15.75W (it is noted that for the MWF QuikSCAT climatology, the pre-calculatedChapter 3. Wind Climatology Comparison at 26N 137
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Figure 3.24: Seasonal transport anomalies (Svm 1) at the eastern Atlantic margin
at 25.75N for the MWF QuikSCAT climatology. Seasonal anomalies are shown for
every grid point from the eastern margin at 15.25W to 20.75W (grid spacing is 0.5).
wind stress curl product made available with the climatology stops at 16.25W, however
it is reiterated that in this study, wind stress curl is calculated from gridded zonal
and meridional wind stress elds). In annual mean elds, a narrow band of coherent
positive wind stress curl has been observed along the eastern margin of the Atlantic
from around 15N to 40N (Chelton et al., 2004). A similar feature is shown here in
Figure 3.17 where mean northward Sverdrup transports are seen at the eastern margin
at the grid points 15.25W and 15.75W. There seems no reason therefore not to also
include the grid points 15.25W and 15.75W in the discussion of seasonal cycles. This
would suggest that at 25.75N, the strong annual cycle of wind stress curl at 16.25W,138 Chapter 3. Wind Climatology Comparison at 26N
similar to that reported by Kanzow et al. (2010) at 26.5N, does not extend all the way
to the African margin. Kanzow et al. (2010) used gridded QuikSCAT wind stress data
from the Jet Propulsion Laboratory to show a strong annual cycle of wind stress curl
is also seen at 27.25N, 14.5W, close to where Rapid-WATCH moorings that measure
upper-mid ocean density proles are located. This is inferred to drive the upper-mid
ocean transport annual cycle seen in the 2004-2008 Rapid-WATCH observations via
Ekman pumping and Rossby wave processes and is conned close to the eastern margin
(Chidichimo et al., 2010). The MWF QuikSCAT observations presented here suggest
this annual transport cycle may not extend to 25.75N, given the absence of similar
wind stress curls adjacent to the boundary, which is in contrast to the order 1000 km
meridional extent for the seasonal transport cycle inferred by Kanzow et al. (2010). It is
noted that oshore of  25W, a semi-annual cycle is dominant over the mid-ocean (as
seen in zonally integrated quantities) and seen in all wind stress climatologies (Figure
3.11).
The above discussion highlights the need for high resolution wind stress observations at
the African margin close to 26N. NCEP-NCAR performs poorly in this region because
it lacks grid resolution, whilst NOC also suers from a coarse grid and presumably a
lack of data. QuikSCAT observations are the baseline for wind stress observations at
the eastern margin however it appears that discrepancies may exist between dierent
QuikSCAT products which themselves use dierent gridding procedures and drag co-
ecient formulations. To interpret the Rapid-WATCH timeseries, several QuikSCAT
climatologies should be considered in this region to verify that wind stress variability is
consistent from one dataset to another and validated using in-situ observations where
possible.
3.4.2.7 Relationship to the NAO
Figure 3.25 shows correlation and regression of NCEP and NOC monthly (de-trended)
Ekman and Sverdrup transports on the NAO index across 26N. Correlations and re-
gressions are shown for high and low-pass ltered (at 36-month cut-o period) variability
(note that monthly mean seasonal cycles across 26N have been removed prior to cal-
culation of these statistics). QuikSCAT transports are not shown due to the relatively
short dataset available.Chapter 3. Wind Climatology Comparison at 26N 139
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Figure 3.25: Correlation and regression of Ekman (left column) and Sverdrup (right
column) transports across 26N on the NAO index (Sv m 1). Correlations (top row)
and regressions (bottom row) are shown for NCEP (blue) and NOC (red) monthly
climatologies (1980-2005). Solid / Dashed lines denote high / low pass transports at
36-month cut-o period. Mean seasonal cycles have been removed prior to calculation
of correlations and regressions.
Ekman transports Ekman transports across 26N show reasonable positive correla-
tions with the NAO index (ranging from  0.2-0.5) in both NCEP and NOC climatolo-
gies and both high and low passed. Correlations are generally enhanced in the central
and eastern Atlantic which is closer to the NAO's centre of activity in the sub-tropics,
however the NAO is clearly associated with an in phase mode of variability across the
full basin width at 26N. This is seen in Figure 3.10 as enhanced section wide variability
during Winter when the NAO is at it's strongest, and in Figure 3.19 as section-wide
transport anomalies at multi-annual periods. Positive correlations are consistent with
enhanced anticyclonic circulation around the NAO centre of activity during high NAO
state which leads to easterly wind anomalies in the sub-tropical latitudes (Figure 2.17).
Ekman transport correlations across 26N are generally reduced relative to correlations
for zonally integrated properties (Table 3.8) because these include small scale modes of140 Chapter 3. Wind Climatology Comparison at 26N
variability that don't signicantly contribute to zonally integrated transports, and basin-
scale modes of transport variability also with little associated net section ow (Appendix
B). Consistent with Table 3.8, NCEP-NCAR correlations are generally marginally higher
than NOC correlations, except in parts of the western Atlantic for low-pass transports.
In terms of regression, Ekman transport variability associated with the NAO is most
pronounced for high-pass transports at  40W in the central Atlantic, immediately
south of the NAO's main centre of activity. Regression coecients deteriorate gradu-
ally towards the basin margins in both NCEP and NOC climatologies. For low-pass
transports, a `stepped' prole across 26N is observed, with low coecients west of 
60W, moderate values between  40-60W, a peak in coecients at  20-30W, before
a drop approaching the eastern boundary. At multi-annual periods, the NAO therefore
makes its most signicant contribution to Ekman transport variability in the central
and eastern Atlantic basin, whilst at sub-multi-annual periods the NAO contributes to
variability across the full basin width.
Sverdrup transports Sverdrup transports across 26N show diering relationships
with the NAO for high and low-pass variability (Figure 3.25). For interannual and
shorter period variability, small positive correlations (and regression coecients) are
seen across the full basin width for both NCEP and NOC climatologies which are not
signicant at 95% condence. For multi-annual period variability, signicant correla-
tion is seen in the central and western Atlantic for both NCEP and NOC climatologies
(NCEP correlations are generally greater and extend further east) with only patchy sig-
nicant correlation in the eastern basin. As for Ekman transport across 26N, Sverdrup
transport correlations across 26N are also generally reduced relative to correlations for
zonally integrated properties (Table 3.9) for similar reasons (see above). Counterintu-
itively, for interannual and shorter period variability, this means that zonally integrated
Sverdrup transports show a signicant relationship with the NAO despite no signi-
cant relationship being observed at any longitude across 26N. In terms of regression a
similar pattern is observed, where during high NAO state reduced southward Sverdrup
transport occurs in the western and central Atlantic basin associated with cyclonic wind
stress curl anomalies, as noted by DiNezio et al. (2009).Chapter 3. Wind Climatology Comparison at 26N 141
3.5 Summary
This chapter presented a detailed comparison of Ekman and Sverdrup transports at
26N in the NCEP, NOC and QuikSCAT climatologies. Whilst comparisons of these
climatologies already exist on the global scale (e.g. Josey et al., 2002; Risien and Chel-
ton, 2008), this detailed regional study is motivated by ongoing observations of AMOC
strength (made since 2004) by Rapid-WATCH. The main ndings are summarised below:
 For zonally integrated transport properties at 26N, both Ekman and Sverdrup
transport properties are in good agreement for NCEP, NOC and QuikSCAT datasets.
Mean transports and seasonal cycles cannot be dierentiated within statistical un-
certainty. Correlation of monthly NCEP-NCAR transport timeseries with those
of NOC / QuikSCAT are 0.96 / 0.96 respectively for Ekman transports and 0.76
/ 0.91 respectively for Sverdrup transports. Coherence is generally greatest at
semi-annual and annual periods (the seasonal cycle) reducing at both higher and
lower frequencies, particularly at multi-annual periods for Sverdrup transport vari-
ability in the NCEP and NOC climatologies. Coherence is also typically greater
for Ekman transports than Sverdrup transports because calculation of wind stress
curl acts to emphasise dierences in wind stress, and greater between NCEP and
QuikSCAT than between either and NOC because the NCEP-NCAR reanalysis
assimilates QuikSCAT data. Power spectra for all three climatologies are similar
in character, though power is generally slightly reduced for NCEP due to both its
coarse grid and a tendency to `smooth-out' variability.
 No signicant trends were found for Ekman transports in NCEP and NOC. How-
ever for Sverdrup transports, diering trends of order +0.1 Sv yr 1 and -0.2 Sv
yr 1 respectively were found. It is not possible to say with condence which, if
either, of these trends is correct, however the NOC trend is favoured here due to
the observational nature of the dataset, its closer agreement with mean QuikSCAT
transports over the period 2000-2005, and evidence of enhanced Ekman pumping
over time in hydrographic data. The relationship of Ekman and Sverdrup trans-
ports to the NAO is in good agreement between climatologies, with a change in
transport of  +1 Sv and +2-4 Sv per NAO index unit expected respectively
(although at sub-annual periods, a relationship between the NAO and Sverdrup
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 For transport properties as a function of longitude, all three climatologies are in
reasonable agreement across most of 26N although the coherence between either
NCEP or QuikSCAT and NOC reduces sharply east of  40W (particularly for
Sverdrup transports) which appears related to greater sampling uncertainty in the
NOC climatology. Most of the dierence in NCEP and NOC Sverdrup trends
also occurs in this region. Approaching the basin margins, coherence between
climatologies dips markedly, especially in the lee of the Canary Islands where ne
scale turbulence is not well resolved on the coarser grids of NCEP and NOC (as
previously noted by Risien and Chelton, 2008).
 NCEP and NOC transports show similar relationships to the NAO across 26N;
during high NAO state Ekman transports are enhanced across the full basin width
whereas northward Sverdrup transport anomalies mostly occur in the central and
western basin. Coherence with the NAO and between climatologies is reduced
relative to zonally integrated quantities due to both synoptic (or shorter) scale
variability and larger scale modes of variability that make little contribution to
zonally integrated transports.
This chapter began by asking whether it matters what climatology we use for Ekman
and Sverdrup transports at 26N on seasonal, interannual and decadal timescales, and
whether regional dierences may prove important for Rapid-WATCH monitoring.
For the rst point, the use of zonally integrated NCEP Ekman and Sverdrup transports
in Chapter 2 when discussing AMOC variability is supported here by good agreement
with NOC and QuikSCAT climatologies, particularly at seasonal periods. Any of these
climatologies can be used to provide a satisfactory record of zonally integrated Ek-
man transport at 26N on sub-annual to interannual timescales where available. Where
zonally integrated Sverdrup transports are required, some care should be taken over
the choice of climatology due to diering decadal trends, reduced coherence at non-
(semi)annual frequencies, and a tendency for NCEP to damp variability. For studies
of sub-annual and interannual properties of zonally integrated Sverdrup transport at
26N, properties assessed over decadal length records (e.g. statistical relationships with
the NAO) can be reasonably quantied and are broadly comparable between climatolo-
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of variability, where zonally integrated sub-annual and annual Sverdrup transport prop-
erties are required at 26N from shorter sections of the Sverdrup transport record, it
is recommended that several climatologies are considered where available to validate
transport properties. For decadal Sverdrup transport variability, decadal trends seen
for NCEP and NOC are markedly dierent and it is not possible to say with con-
dence which, if either, of these trends is correct. An extension of the NOC climatology,
which is produced independently of satellite observations and model dynamics, would
be desirable as sampling is generally good at 26N. This would facilitate validation of
NOC trends agains satellite data, which in this study was not possible due to the short
period of overlap (6 years) between NOC and QuikSCAT observations, and give further
condence in past NOC trends. At present the NOC v2.0 climatology is in preparation
and this is expected to include a quantication of wind stress errors associated with
sampling uncertainty. Sverdrup transport trends in the NOC climatology should be re-
assessed once these are available to evaluate whether sampling uncertainty (particularly
in the east Atlantic at 26N), or other forms of uncertainty, can account for this trend.
It is essential these long term trends be assessed as they have profound implications
for ocean circulation in both observations (Section 2.4.3.2) and in models which use
climatological surface forcing.
The most important regional dierences in Ekman and Sverdrup transport across 26N
of relevance for Rapid-WATCH monitoring are found in the lee of the Canary Islands.
The region aected extends  10 of longitude west of the African coastline and for
several degrees of latitude south of the islands. In this region, the coarser grids of
NCEP and NOC struggle to detect ne scale structures in the wind eld. The necessity
for ne resolution (0.5) QuikSCAT measurements in this region is clear. Kanzow et al.
(2010) used SCOW and JPL wind stress curl elds from QuikSCAT observations to
suggest that the strong annual cycle observed in the upper ocean transport in four
years of Rapid-WATCH measurements is driven by Ekman pumping and Rossby wave
propagation close to the eastern margin. Whilst Kanzow et al. (2010) observed a strong
annual wind stress curl cycle close to Rapid-WATCH moorings at 27.25N, 14.5W, the
suggestion that this signal will be meridionally coherent on scales of order 1000 km is
challenged by the absence of a similar annual signal at the eastern margin at 25.75N in
the MWF QuikSCAT climatology used here. Dierences seem to exist between dierent
QuikSCAT climatologies and it is recommended that wind stress variability of interest144 Chapter 3. Wind Climatology Comparison at 26N
to Rapid-WATCH at the eastern margin be validated using more than one QuikSCAT
climatology and also in-situ observations where available. Should regional wind stress
variability at the western mid-ocean margin (close to the Bahama islands) become of
interest to Rapid-WATCH, a similar cautionary approach should be taken there too.
Away from the ocean margins, Ekman transport variability and Sverdrup transport
variability are reasonably coherent across the section (including their projection on the
NAO).Chapter 4
Transport Observations from Six
24.5N Hydrographic Sections
and Rapid-WATCH
4.1 Introduction
In January and February 2010, a sixth hydrographic section was completed across 24.5N
in the Atlantic, extending the decadal timeseries of hydrographic measurements available
at this latitude. Previous hydrographic sections were carried out in 1957 as part of the
International Geophysical Year (Fuglister, 1960), in 1981 (Roemmich and Wunsch, 1985),
in 1992 and 1998 during the World Ocean Circulation Experiment (Parrilla et al., 1994;
Baringer and Molinari, 1999), and in 2004 (Bryden et al., 2005b). Despite the seemingly
sparse nature of the observations, the oceanographic section across 24.5N represents
one of the best observed regions of the world oceans, oering an almost unparalleled
opportunity to investigate large-scale decadal changes in ocean state and a large body
of literature exists exploring this issue (e.g. Bryden et al., 2005b). In this chapter and
the next, this body of work is extended by presenting a rst analysis of the recent 2010
hydrographic section and considering it in the context of previous observations. This
chapter will mostly concentrate on volume transports, whilst the following chapter will
address water mass properties.
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When comparing hydrographic `snapshots' of the ocean, a classic problem associated
with the interpretation of decadal changes is the possible aliasing of changes in the ocean
state at shorter timescales. An absence of continuous in-situ measurements has made
this issue dicult to address and in the past it has mostly been dealt with indirectly
using estimates of the magnitude and nature of high frequency variability. In contrast,
this study takes advantage of more than ve years of continuous observations of AMOC
strength made at 26.5N by the Rapid-WATCH project. Using this the signicance
of decadal changes observed in the hydrographic data is also assessed in terms of the
sub-seasonal and seasonal variability now resolved by the continuous measurements.
4.2 Data and methods
4.2.1 Hydrographic data
Repeat occupations of the 24.5N transatlantic section were made in October 1957,
August-September 1981, July-August 1992, January-February 1998, April-May 2004 and
January-February 2010. The cruise tracks for each of these sections and a bathymetric
map of the subtropical Atlantic is shown in Figure 4.1 (note that the cruise tracks are
oset by 0.5 latitude for clarity). In the mid-ocean, all sections follow 24.5N, though
for 2010 a distinct kink is seen in the cruise track over the MAR where the main trench of
the Kane Fracture Zone is followed. In the east, the 1981, 1998, 2004 and 2010 sections
deviate north toward 28N approaching the African coastline due to diplomatic clearance
issues. In the west the 1998, 2004 and 2010 sections meet the Bahamas at 26.5N so the
section transports can be closed using cable measurements in the Florida Straits. The
sections from 1981 onwards also comprise a short transect across the Florida Straits at
26.5N. All sections except 1957 are eddy resolving and have closer station spacing near
the western and eastern boundaries and over the rugged topography of the MAR.
The 1981 through 2010 sections consist of between 90 and 122 vertical temperature,
salinity and oxygen proles obtained from CTD observations which are eectively con-
tinuous throughout the water column. The 1957 section comprises 38 proles using
discrete Nansen bottle sampling for temperature, salinity and oxygen at approximately
25 depths from top to bottom. Whilst salinity measurements for the 1957 dataset were
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salinities which may be biased high by 0.004 to 0.006 (Bryden et al., 1996). Calculations
of decadal changes in transport and water mass properties that use the 1957 data are
therefore treated with caution. All hydrographic datasets are interpolated onto 20 dbar
levels which forms the working vertical resolution of this study.
4.2.2 Rapid-WATCH data
The Rapid-WATCH data used in this study comprises ve years of continuous observa-
tions of the strength of the AMOC. These span the period April 2004 to April 2009 and
constitute the longest record available at the time of analysis. Data were downloaded
from http://www.noc.soton.ac.uk/rapidmoc. The Rapid-WATCH array (shown in
Figure 4.2) combines Ekman transport calculated from satellite wind stress, Florida
Current cable measurements of Gulf Stream transport, ADCP and moored current me-
ter measurements on the Bahamian continental shelf, and zonally integrated mid-ocean
geostrophic transports calculated using moored temperature and salinity sensors located
at the basin margins and the Mid-Atlantic ridge. Together these observations allow to-
tal transport across 26.5N to be measured down to 5000 metre depth (Kanzow et al.,
2010). Below 5000 metres, transport variability is not directly observed and is set to a
time invariant value of 2.1 Sv representing northward ow of Antarctic Bottom Water
based on estimation from the pre-2010 hydrographic sections (Bryden et al., 2005b). The
array design is however continuously evolving and moorings MAR0 and WB6 (Figure
4.2) form part of recent array designs (since Spring 2008) designed to directly measure
AABW variability. This is not included here since the eective deep record is only 12
months long at present. For each twice-daily observation, section-wide mass balance is
ensured through use of a compensation velocity which is applied uniformly across the
section and removes any imbalance between array components (this is applied as a ref-
erence velocity adjustment to the mid-ocean geostrophic transports). The assumption
of mass balance has been demonstrated to hold at periods longer than 10 days (Kanzow
et al., 2007) thus Rapid-WATCH timeseries are made available 10-day low-pass ltered.
Final transport measurements for each of the array components are available on a 20
decibar grid.
In addition to transport proles, Rapid-WATCH also makes calibrated temperature and
salinity proles available for some of the longer deep-water moorings shown in Figure148 Chapter 4. Hydrographic Transports at 24.5N
4.2 (these are WB2, WB3, WB5, MAR1 and MAR2; note that WB4 sits within the
DWBC but has suered signicant instrument loss and failure over deployment periods
whilst EB1 provides redundancy for the short moorings at the eastern margin). At
the ocean margins, mooring data are merged together vertically to provide continuous,
full depth proles of hydrographic properties which are used in the calculation of mid-
ocean transports. At the African margin a gentle continental slope means it is necessary
to merge together a series of short vertical mooring proles to construct a full depth
prole and minimise bottom triangles. At the western margin, WB2 data shallower than
4000 metres is merged with data from WB3 at greater depth. Merging of prole data
is done by Rapid-WATCH. All prole data is freely available from http://www.noc.
soton.ac.uk/rapidmoc. Temperature and salinity measurements for individual moored
instruments are calibrated for osets and linear trends using shipboard CTD dips which
are completed before and after the deployment of each instrument. Instruments are
typically deployed for a year at a time. Data are subsequently 2-day low-pass ltered,
sub-sampled at 12 hourly resolution and interpolated onto a 20 decibar grid prior to use
in transport calculations. On each mooring, instruments are spaced more closely in the
upper ocean where vertical property gradients are greater (typically 50-100 metres in
the pycnocline, 200-500 metres in the deep ocean).
4.2.3 Calculation of hydrographic transports
4.2.3.1 Method
For each of the hydrographic sections, transport across 24.5N is calculated using a
similar approach to Longworth (2007), much of which is reiterated below. This in turn
broadly follows the method of Hall and Bryden (1982) who calculate the mid-ocean
geostrophic ow eld based on mass balance constraints using annual average Ekman
and Florida Straits components (from wind stress climatologies and Florida Straits ca-
ble measurements). Calculating mid-ocean transport using this approach assumes that
each one-time hydrographic section represents annual mean conditions i.e. that baro-
clinic ow structure in the sub-tropics does not respond to wind or thermal forcing
on sub-annual timescales (e.g. Jayne and Marotzke, 2001) and that at this timescale
any barotropic response to external forcing occurs uniformly across the section. Given
the large sub-annual and seasonal mid-ocean transport variability recently resolved byChapter 4. Hydrographic Transports at 24.5N 149
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Figure 4.1: (a) Bathymetric map of the subtropical North Atlantic with mid-ocean
CTD stations from the 2010 hydrographic cruise overlaid (b) CTD stations for the six
hydrographic cruises completed across 24.5N, note that cruise tracks are oset by 0.5
increments for clarity.
the Rapid array at this latitude (Cunningham et al., 2007; Kanzow et al., 2010), these
assumptions now look uncertain and changes between hydrographic sections cannot nec-
essarily be interpreted as interannual and longer variability. The availability of property
observations (e.g. salinity and temperature) along the 24.5N section can however assist
in the identication and attribution of the variability being observed.
For each hydrographic section, mid-ocean transports are calculated assuming the ob-
served density structure is geostrophically balanced by the velocity eld except in an
ageostrophic surface boundary layer forced directly by the wind stress. Geostrophic ve-
locity shear relative to some reference level is computed for each station pair down to
the deepest common pressure using:150 Chapter 4. Hydrographic Transports at 24.5N
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Figure 4.2: Map of the Rapid-WATCH moored array in Autumn 2009 (the location
of the Florida Straits cable is also shown in red). Red crosses correspond to moor-
ing locations, enlargements of the western and eastern boundary arrays are shown.
Schematic gures of the moorings are given below, including instrumentation, topog-
raphy and mooring nomenclature. Sub-gures courtesy of Darren Rayner (National
Oceanography Centre, Southampton, UK).
(v   vr) =
1
fx
Z P
Pr
1 dp  
Z P
Pr
2 dp

; (4.1)
where v is the average geostrophic velocity (m s 1) between two hydrographic stations
1 and 2 at pressure P (Pascals) relative to pressure Pr,  is the specic volume anomaly
(m3 kg 1) integrated between pressure levels P and Pr, x is the horizontal distance
between the two stations (m) and f is the Coriolis parameter (e.g. Pond and Pickard,
1983). Dynamic heights are calculated directly from 2 dbar les and subsampled at 20
dbar intervals to retain ne scale variability.
For each station pair, if the deepest common pressure is deeper than the reference level
then velocity is decreased linearly to zero in the bottom triangle, however if the deepest
common pressure is shallower than the reference level then velocities are referenced to
the sea-bed and transport in the bottom triangle is zero. Reference levels are adoptedChapter 4. Hydrographic Transports at 24.5N 151
Transports (Sv) Reference
Year Stations
Section Area
(x104 km2)
Florida
Straits
Ekman
Mid-
Ocean
Level Velocity
(cm s 1)
1957 38 2.88 31.1 4.5 -36.4 -0.13
1981 90 3.20 31.1 3.7 -35.6 -0.04
1992 101 2.96 30.3 4.6 -35.7 -0.11
1998 121 3.24 34.0 5.2 -40.0 -0.05
2004 113 3.23 31.8 4.5 -37.1 -0.01
2010 122 3.39 31.5 3.7 -36.0 -0.10
Table 4.1: Flow compensation components for each of the six hydrographic sections at
24.5N. Stations refers to the number of CTD proles made in the mid-ocean (i.e. east
of the Bahamas) amounting to a section area as shown. Transports refer to annual av-
erage northward Florida Straits and Ekman transports (note that the 2010 section uses
2009 averages for these components; see text) and the southward mid-ocean transport
required to maintain section mass balance (accounting for 0.8 Sv of Bering Straits in-
ow to the North Atlantic). The nal column gives the adjustment made to geostrophic
mid-ocean reference level velocities to satisfy mass balance. Based on Longworth (2007)
following Lavin et al. (1998) where from the eastern boundary to the start of the DWBC,
an initial level of no motion is assumed at 3200 dbar. The start of the DWBC is
identied from the position of an oxygen front below 1000 dbar which separates the
highly oxygenated waters of the DWBC and its northward recirculation from the older,
less oxygenated waters of the ocean interior (Figure 4.3). In the western boundary region
and to the western limit of the section, a shallower reference level of 1000 dbar is used
corresponding to the transition between the northward owing Antilles Current and the
southward owing DWBC below (e.g. Johns et al., 2008).
To satisfy mass balance in each section, a uniform section wide reference level velocity is
determined to ensure southward mid-ocean transport balances northward Gulf Stream
and Ekman transport with a net southward ow of 0.8 Sv remaining due to Bering
Straits inow to the North Atlantic (Table 4.1). Annual mean Ekman transport (zonally
integrated across the mid-ocean section) and Gulf Stream transports are obtained using
the NOC v1.1 wind stress climatology and cable measurements in the Florida Straits
respectively. A more detailed description of these data sources and the calculation of
Ekman transport is given in Chapters 2 and 3.
Because the NOC v1.1 climatology covers the period 1980-2005, and Florida Straits
cable transports cover the period 1982-present, Ekman transport for the 1957 and 2010
sections and Gulf Stream transport for the 1957 and 1981 sections cannot be calcu-
lated directly. For the 1957 section, Longworth (2007) used the 1980-2005 mean Ekman152 Chapter 4. Hydrographic Transports at 24.5N
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Figure 4.3: Oxygen concentrations across 24.5N for the 1957, 1981, 1992, 1998, 2004
and 2010 hydrographic sections. Oxygen concentrations for the 1957 and 1981 sections
(top) are given in ml l 1 and share the same colour scale; contour intervals change from
0.5 ml l 1 to 0.2 ml l 1 at concentrations above 5 ml l 1. Oxygen concentrations for the
later sections are given in mol kg 1 and share the same colour scale; contour intervals
change from 20 mol kg 1 to 5 mol kg 1 above 240 mol kg 1. The transition
between the western boundary region and mid-ocean is shown as a white dotted line,
station positions are shown as black dotted lines. Based on Longworth (2007)
transport at 24.5N, and 1982-2006 mean Gulf Stream transport, as there is little ev-
idence for any long term trend in either record (albeit incorporating larger error bars
to account for unresolved interannual variability). An identical Gulf Stream transport
is used for the 1981 section. Note that Gulf Stream transport is not obtained from the
short transects made across the Florida Straits as part of the 1981-2010 sections as an
undesirably large reference velocity adjustment is required such that transports match
those obtained from the cable observations (referencing to the sea-bed). It is also notedChapter 4. Hydrographic Transports at 24.5N 153
that for the 1957, 1981 and 1992 sections, a mean ow of 1 Sv through the North West
Providence Channel is subtracted from the Gulf Stream transport since these mid-ocean
sections meet the western boundary south of this location.
For the 2010 section, this study uses annual mean Ekman and Florida Strait transports
for 2009 calculated from the NCEP-NCAR climatology and Florida Straits cable obser-
vations. The 2009 annual means were chosen because 2010 averages were not available
during the period of analysis. This is considered reasonable as the cruise took place
at the very start of 2010, because both datasets show greatest low frequency energy at
multi-annual periods (thus annual averages will show some persistence from one year
to the next), and because neither dataset shows a signicant long term trend. The
switch between the NOC v1.1 and NCEP-NCAR climatology is justied because of the
favorable comparison made between zonally integrated Ekman transports from the NOC
v1.1 and NCEP-NCAR climatologies in Chapter 3, however the coarse longitudinal and
latitudinal resolution of the NCEP-NCAR climatology means the 2010 cruise track is
not followed as closely as would be possible were the NOC v1.1 climatology available.
The main error this introduces is associated with the choice of latitude for zonally in-
tegrated NCEP-NCAR Ekman transports which in 2009 were 1.2 Sv higher at 23.8N
than 25.7N (which is the latitude used here). Ekman transport across 25.7N may be
an underestimate of annual mean Ekman transport along the 2010 cruise track which
has an average station latitude of 25.2N. The chosen Ekman transport of 3.7 Sv lies
within the range and error of Ekman transports in the earlier sections (Table 4.1).
4.2.3.2 Errors
The uncertainty inherent in transport estimates from one time hydrographic sections at
24N is discussed by Longworth (2007). The author highlights a net RMS section-wide
transport error of order  6 Sv (based on work by Ganachaud, 2003) as the main limit
to resolving interannual and longer term variability. This is dominated by contributions
from eddy variability and internal waves. In this study the availability of ve years
of continuous Rapid-WATCH transport measurements at 26N means this uncertainty
can be estimated more precisely using in situ observations of seasonal and sub-seasonal
variability. Because changes in transport between sections are often comparable in154 Chapter 4. Hydrographic Transports at 24.5N
magnitude to this uncertainty, it is necessary to use property observations across the
24.5N section to assist the identication and attribution of the variability observed.
A further source of uncertainty arrises from the estimate of annual average Ekman and
Florida Straits transports. This amounts to a maximum combined error of around 
2 Sv (assuming errors are random), reducing for more recent sections where annual
averages are available (except the 2010 section where 2009 values are used as described
above, though combined error would not be expected to exceed  2 Sv). For a 1 Sv error
in combined Florida Straits and Ekman transport, the associated mid-ocean transport
error (in depth classes) is calculated and given in Table 4.2. A 1 Sv change in this
transport leads to an adjustment in the reference velocity required to maintain mass
balance, thus transport compensation in the mid-ocean is proportional to depth class
area (and will respond linearly to changes in Florida Straits and Ekman transport error).
The partitioning of Ekman and Florida Straits transport variability between mid-ocean
depth levels is also a useful quantity given that Rapid transport estimates incorporate
time variable Ekman and Florida Straits transports, but the hydrographic sections do
not.
The use of 0.8 Sv as a long term annual mean value for Bering Straits transport is
based on previous hydrographic studies at 24.5N (Bryden et al., 2005b; Longworth,
2007), in turn based on studies such as that of Roach et al. (1995). Based on the
year to year variability of annual mean Bering Straits transport (Roach et al., 1995),
this long term value has a maximum uncertainty of about 0.2-0.3 Sv, which is small in
comparison with other errors. Similar to the uncertainty in annual mean Ekman and
Florida Straits transports above, any uncertainty in Bering Straits transport will be
partitioned amongst depth classes in proportion to depth class area (i.e. the uncertainty
is applied barotropically, resulting from an adjustment of the reference velocities required
to maintain mass balance, see Table 4.2) such that the associated uncertainty in any
depth class will be small in comparison with other errors and the eect on the results
will be negligible.
Other sources of error, such as sampling resolution and choice of reference levels, fur-
ther increases the uncertainty surrounding changes observed in one time hydrographic
sections but should also be relatively small. All errors should combine randomly such
that the main source of uncertainty is that associated with the eddy eld.Chapter 4. Hydrographic Transports at 24.5N 155
Depth Class (m)
Transport Error
(Sv per Sv)
Range Across
Sections (Sv)
Upper (0-800m) 0.16 0.01
AAIW (800-1100m) 0.06 0.00
UNADW (1100-3000m) 0.37 0.01
LNADW (3000-5000m) 0.33 0.01
AABW (> 5000m) 0.07 0.02
AMOC 0.84 0.01
Table 4.2: Mid-ocean transport error in depth classes associated with a 1 Sv error
in combined Ekman and Florida Straits transport. An error in combined Ekman and
Florida Straits transport leads to an error in reference level velocity and therefore a
transport error proportional to depth class area. The transport error given is a mean
error for the six hydrographic section, the nal column gives the range of values about
the mean for the 6 sections. Note that the AABW shows the greatest range in transport
error because diering section bathymetry has the greatest eect on the area of this
depth class.
It should be noted that the bottom triangle areas calculated in this study are smaller than
those calculated by Longworth (2007) whose triangle areas were accidentally overesti-
mated. This has the eect of reducing the total section area, thereby reducing southward
mid-ocean transport (as ow is generally southward at depth, excluding the AABW)
which leads to a compensating increase in southward reference velocity to maintain mass
balance (of mm s 1 order). Because the reduction in bottom triangle area mostly af-
fects the deepest waters, southward transport in the LNADW is reduced. However,
at shallower depths southward transport increases because the adjustment in reference
velocity causes a compensating southward transport to be applied uniformly across the
section. The transports given in this study thus dier from those of Longworth (2007)
by around 0.1 - 0.5 Sv magnitude in depth classes (Table 4.4) with the sign of the change
determined by the depth. The strength of the AMOC is reduced for all six sections up
to a maximum of 0.3 Sv in 1957. Generally the largest changes are seen for the 1957
section where the lower spatial resolution of the dataset leads to larger bottom triangles.
This does not aect the conclusions of Longworth (2007) as this eect is small relative
to other sources of error discussed.156 Chapter 4. Hydrographic Transports at 24.5N
4.3 Results
4.3.1 Transport changes in depth classes
4.3.1.1 Depth class and water mass denitions
In this section, changes in transport between hydrographic sections is considered in dif-
ferent depth classes. Denitions of the depth classes that are used are given in Table
4.3 and illustrated in Figure 4.4, and follow those used by the Rapid-WATCH array.
Potential temperature limits for water masses of interest are also given in Table 4.3; it
should be noted that the upper, intermediate and UNADW depth classes comprise more
than one water mass within their limits. Furthermore, because the depth of the interface
between water mass classes varies with time, transport variability within potential tem-
perature classes can provide a more useful method for decomposing transport variability
and will be discussed in Section 4.3.2. Transport changes in depth classes are still con-
sidered mainly for comparison with previous literature and because they can be directly
compared to the zonally integrated transport-depth proles made by Rapid-WATCH.
The restriction of Rapid-WATCH moorings to the ocean boundaries and MAR means
the adaption of transport-depth proles into transport-potential temperature proles is
not trivial and will not be attempted in this study. Broadly, many of the main trans-
port changes are identiable in both decompositions, thus considering each provides a
complementary approach.
4.3.1.2 Transport changes in depth layers
Transports calculated in depth classes for the six hydrographic sections are given in
Table 4.4. The most striking result for the 2010 section is the return in strength of the
total upper ocean transport (the upper limb of the AMOC) to a pre-2004 value of 17.6
Sv. This is due to a reduced southward transport in the upper mid-ocean of 5.8 Sv
relative to 2004, whilst northward Ekman and Florida Straits transports decreased by
only 1.1 Sv. Even accounting for a maximum of 2 Sv uncertainty in combined Ekman
and Florida Straits northward transport used in the 2010 section (which projects on the
AMOC with an  1.7 Sv uncertainty, Section 4.2.3 and Table 4.2), the total upper mid-
ocean transport would not approach the high southward transport of 2004. The returnChapter 4. Hydrographic Transports at 24.5N 157
Layer Depth Limits (m) Constituents  Limits (C)
Upper z  800
Surface > 24.5
Thermocline 12.5 <   24.5
Lower Thermocline 9.5 <   12.5
Intermediate 800 < z  1100 AAIW and MW 5 <   9.5
UNADW 1100 < z  3000
SLSW 4 <   5
LSW 3.2 <   4
NAIW and ISOW 2.5 <   3.2
LNADW 3000 < z  5000 DSOW 1.8* <   2.5
AABW z > 5000 AABW   1.8*
Table 4.3: Water mass denitions in depth or Potential Temperature () classes
reproduced from Longworth (2007), in turn based on the studies of Schmitz and Mc-
Cartney (1993) and Fine (1995). Note that depth layers may contain several water
mass constituents which are only identied here in temperature classes. The boundary
between LNADW and AABW (1.8*) is variable and set as the shallowest occurrence of
northward transport within 0.05 C intervals (1.85C, 1.70C, 1.80C, 1.85C, 1.75C
and 1.90C for the 1957, 1981, 1992, 1998, 2004 and 2010 sections respectively). Ab-
breviations are: AAIW - Antarctic Intermediate Water, MW - Mediterranean Water,
(S)LSW - (Shallow) Labrador Sea Water, NAIW - North Atlantic Interior Water, ISOW
- Iceland Scotland Overow Water, DSOW - Denmark Straits Overow Water, AABW
- Antarctic Bottom Water.
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Figure 4.4: Potential temperature at 24.5N for the 2004 hydrographic section, con-
tours correspond to the class partitions given in Table 4.3. Depth levels of 800 m, 1100
m, 3000 m and 5000 m are also shown.
in strength of the AMOC to historic values is consistent with a mean AMOC strength
of 18.6 Sv from ve years of Rapid-WATCH observations (2004-2009) within the large158 Chapter 4. Hydrographic Transports at 24.5N
sub-annual and seasonal variability observed by the Rapid array over this period (de-
trended std. dev. = 4.7 Sv). The return in strength of the upper mid-ocean transport
to pre-1998 values is also consistent with a mean thermocline transport of -17.6 Sv and
associated std. dev. of 3.3 Sv from the Rapid-WATCH observations.
The large sub-annual and seasonal variability observed by Rapid-WATCH encompasses
all AMOC and upper mid-ocean transport values observed in the 6 hydrographic sections
within 2 standard deviations. This emphasises the diculty of detecting lower frequency
variability using snapshot hydrographic sections and prompts caution over conclusions
that enhanced upper-ocean gyre circulation in the 1998 and 2004 sections is indicative of
a new, weaker AMOC state (Bryden et al., 2005b). Note that in this study the AMOC
strength was not low in 1998 (Table 4.4) due to enhanced northwards Florida Straits
and Ekman transports, demonstrating the importance of accounting for interannual
variability in these components where mid-ocean transport is considered representative
of the annual mean.
In the deep ocean, a return in strength of the lower AMOC limb to historic levels in 2010
(relative to 2004) is achieved mostly by a 5.3 Sv enhancement of southward transport
of UNADW. Southward transport of LNADW weakened by 1.2 Sv in 2010 relative to
2004, maintaining the apparent weakened state observed in the 1998 and 2004 sections.
Bryden et al. (2005b) argued that this weakening of the LNADW in the 1998 and 2004
sections was evidence that the lower limb of the AMOC itself had weakened because of
the distinct vertical structure of the changes. Whilst the enhancement of the AMOC
back to historic strength in 2010, despite weakened LNADW transport, demonstrates
this is not necessarily true, the continued low LNADW strength and record high UN-
ADW strength in the 2010 section forms a curious new vertical transport structure that
warrants further investigation. It is noted that both the UNADW and LNADW 2010
transports are consistent with the 5-year means and std. dev. from the Rapid-WATCH
observations; these are -12.2  2.8 Sv and -8.1  2.7 Sv respectively. Both the AABW
and Intermediate water transports show no major changes in the 2010 section and are
also consistent with Rapid-WATCH observations of 2.1  0.5 Sv and 0.5  0.6 Sv re-
spectively.Chapter 4. Hydrographic Transports at 24.5N 159
1957 1981 1992 1998 2004 2010
Upper
Ekman 4.5 3.7 4.6 5.2 4.5 3.7
Florida Straits 31.1 31.1 30.3 34.0 31.8 31.5
Mid-Ocean -15.9 -18.0 -17.2 -22.2 -23.4 -17.6
Total 19.7 16.8 17.7 17.0 12.9 17.6
Lower
Intermediate 1.6 1.1 0.7 -0.3 0.8 0.6
UNADW -11.8 -9.3 -11.1 -12.9 -10.4 -15.7
LNADW -12.6 -12.2 -10.5 -5.8 -6.6 -5.4
AABW 2.3 2.9 2.4 1.1 2.5 2.1
Total -20.5 -17.5 -18.5 -17.9 -13.7 -18.4
Table 4.4: Northward transport (Sv) in depth classes for the six hydrographic sections.
The upper layer comprises transport in the Ekman layer, Florida Straits and mid-ocean
( 800 m), the lower layer comprises mid-ocean only (> 800 m); for full class denitions
see Table 4.3. Ekman transports (zonally integrated across 26N) and Florida Straits
transports are annual averages calculated from wind stress climatologies and cable
observations respectively (Section 4.2.3). Net imbalance between upper and lower layer
total transports is due to Bering Straits inow (0.8 Sv) to the North Atlantic.
4.3.1.3 Transport prole changes
To further investigate the vertical structure of the changes, proles of transport per unit
depth for the hydrographic sections are compared to similar proles from the Rapid-
WATCH observations. At each time step, Rapid-WATCH observations of geostrophic
mid-ocean transport have a hypsometric (near barotropic) transport adjustment applied
to maintain mass balance through the section (Kanzow et al., 2010, transport imbal-
ance is divided by section area to obtain a compensation velocity which is then applied
uniformly across the section). Because Rapid-WATCH observations incorporate time
variable Ekman and Florida Straits transport observations (which project on mid-ocean
transports as per Table 4.2), to compare these with the hydrographic data it is neces-
sary to re-compute Rapid-WATCH mid-ocean transports using time-mean Ekman and
Florida Straits transport1. In both the Rapid-WATCH data and on longer timescales,
greatest Ekman and Florida Straits transport variability occurs at seasonal and sub-
annual timescales (Kanzow et al., 2010) where mid-ocean compensation is expected to
be barotropic (Jayne and Marotzke, 2001; Kanzow et al., 2007; Bryden et al., 2009)
thus a depth independent mode of variability is expected to be removed. Accordingly,
variability in the upper ocean, UNADW and LNADW is reduced from std. devs. of
3.3, 2.8 and 2.7 Sv to std. devs. of 3.1, 2.3 and 2.3 Sv respectively once Ekman and
1Rapid-WATCH timeseries calculated using time-mean Ekman and Florida Straits transport are
kindly provided by Eleanor Frajka-Williams (National Oceanography Centre, Southampton, UK)160 Chapter 4. Hydrographic Transports at 24.5N
Florida Straits variability is removed. The resulting Rapid proles only show mid-ocean
transport variability associated with changes in mid-ocean vertical transport structure.
Finally, variability at each depth is low-passed at 10-day period (vertical prole data is
initially made available low-passed at two-day period) which is the shortest period at
which Rapid-WATCH can resolve AMOC variability (Kanzow et al., 2007).
To eliminate any mid-ocean transport variability associated with inter-annual Ekman
and Florida Straits transport variability in the hydrographic sections (where mass bal-
ance is maintained through the application of a section-wide compensation velocity, see
Tables 4.1 and 4.2), mid-ocean transports were recalculated using long term mean Ek-
man and Florida Straits transports. These are given in Table 4.5. The long term mean
Ekman transport used is the 1980-2005 mean transport calculated using the NOC v1.1
climatology and the long term mean Florida Straits transport used is the 1980-2007
mean calculated from cable observations. Note that the mean Ekman transport used
varies for the hydrographic and Rapid data to account for the diering latitude of ob-
servations, and that Florida Straits transport is reduced by 1 Sv in the 1957, 1981 and
1992 sections to account for ow through the North West Providence Channel.
The resulting geostrophic vertical transport per unit depth proles for the hydrographic
and Rapid data are shown in Figure 4.5. These incorporate a mean transport per unit
depth prole for the Florida Straits in the upper 800m but exclude mean surface Ek-
man transport. To obtain a vertical transport prole from mean total cable transport,
coecients identical to those of Longworth (2007) were used which represent a linear
regression of Florida Current transport in 10m bins against total transport. This re-
gression analysis makes use of 65 PEGASUS sections completed in 1982-1984 during
which free-falling instruments were used to measure absolute velocity and temperature
(Leaman et al., 1987; Shoosmith et al., 2005). Multiplying these coecients by mean
Florida Straits transport gives a mean transport per unit depth prole. Figure 4.6 shows
upper ocean transport per unit depth proles for the full section (including mean Florida
Straits transport per unit depth) and just the mid-ocean. It is reiterated that these pro-
les show just variability associated with the mid-ocean, and thus indicate whether the
mid-ocean hydrographic transport prole structures dier from or exceed the mid-ocean
sub-annual to interannual variability observed by Rapid-WATCH.
It is immediately obvious from Figures 4.5 and 4.6 that the mid-ocean hydrographicChapter 4. Hydrographic Transports at 24.5N 161
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Figure 4.5: Proles of total transport per unit depth (excluding mean surface Ekman
transport) for the 6 hydrographic section and 5 years of Rapid-WATCH data (April
2004-April 2009). Rapid-WATCH data are shown in grey, the grey envelope in the left
plot comprises 3562 Rapid proles (available twice daily for 5 years) whilst the grey
line in the right plot shows the mean of these proles. All proles use long-term mean
Florida Straits and Ekman transport, thus variability represents only that associated
with changes in mid-ocean vertical transport structure.
transport prole variability falls within the range of Rapid-WATCH variability in the
upper 4800m of the water column, and the shape of the proles is comparable to those
observed by Rapid-WATCH. The record high and pronounced low in southward UN-
ADW and LNADW transport respectively in the 2010 section falls within the range
of `s' shaped proles observed by Rapid between 1000-5000m, suggesting this state is
not unusual. The same is true of the 1998 and 2004 sections whose low southwards
LNADW transports also fall in the envelope of Rapid-WATCH transport proles. This
is emphasised in Table 4.5 where UNADW and LNADW mid-ocean variability for all 6
hydrographic sections falls within  2 std. dev. of the mean Rapid transports. In the
upper ocean, high southward transports in the 1998 and 2004 sections also fall within the
envelope of Rapid-WATCH transport proles. Interestingly, the record low southward
transport observed in the 2004 hydrographic section (Table 4.5) has a vertical transport162 Chapter 4. Hydrographic Transports at 24.5N
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Figure 4.6: Transport per unit depth proles as for Figure 4.5, but showing only the
upper ocean. The left plot shows total upper ocean transport (excluding mean surface
Ekman transport), the right plot shows mid-ocean transport (excluding mean surface
Ekman transport and mean Florida Straits transport per unit depth).
prole that reaches the limit of the Rapid-WATCH envelope between 100-200 m (Figure
4.6). Whilst this state lies at the edge of this envelope, its vertical structure is not unique
and appears comparable to a small number of Rapid-WATCH transport proles that
also show a similar kinked structure in the surface ocean. Also interesting is the return
in strength of the 2010 upper ocean transport to pre-1998 values, which in part appears
due to the establishment of northwards transport within a few hundred metres of the
surface. This is typical of the mean transport prole as measured by Rapid (Figure 4.5),
suggesting some enhanced southward transport may persist in the main thermocline.
This will be revisited in Section 4.3.2.
Below 4800m, Rapid-WATCH interpolates mooring proles onto a historical mean AABW
prole estimated from the pre-2010 hydrographic sections (Kanzow et al., 2010), thus
does not fully resolve variability at these depths. No eort is therefore made to compare
hydrographic with Rapid-WATCH data in this depth range.Chapter 4. Hydrographic Transports at 24.5N 163
Figures 4.5 and 4.6 and the associated transports in depth classes given in Table 4.5 em-
phasise that changes in mid-ocean transport observed by the hydrographic sections are
not signicant in terms of the sub-annual, seasonal and interannual variability observed
by Rapid-WATCH. Whilst this does not preclude multi-annual and decadal transport
changes having occurred, it is not possible to separate these with condence given the
large magnitude of higher frequency variability. It is therefore hard to interpret these
changes in terms of long term processes such as spin up of the sub-tropical gyre or a
weakening of the AMOC.
4.3.1.4 Transport changes accounting for seasonal variability
Seasonal cycles from ve years of Rapid-WATCH data Although the mid-
ocean hydrographic changes do not appear signicant in terms of the variability ob-
served by Rapid-WATCH, one possible reason may be the aliasing of any mid-ocean
seasonal cycles. Kanzow et al. (2010) used four years of Rapid data to identify a strong
seasonal cycle in the AMOC at 26N with peak to trough amplitude of 6.7 Sv. The chief
contributor to this seasonal cycle is geostrophic mid-ocean variability which is largely
attributable to wind stress curl forcing at the eastern boundary of the Atlantic. This
suggests that aliasing of the seasonal cycle in the hydrographic sections could play a
signicant role in the observed changes.
To investigate this, seasonal cycles are calculated for timeseries of Rapid-WATCH mid
ocean transport, which are made available in the depth classes of Table 4.3. As explained
in Section 4.3.1.3, these timeseries have been calculated using long term mean Florida
Straits and Ekman transports to isolate mid-ocean transport variability. Timeseries
of mid-ocean transport in the depth classes of Table 4.3 are shown in Figure 4.7 as
black lines with their seasonal cycle overlaid in red. Seasonal cycles are estimated by
calculating the daily mean of each twice daily Rapid observation (i.e. the mean of all
January 1st's, Janaury 2nd's etc). These are then smoothed using a 60-day low-pass
lter to reduce noise. The seasonal cycles for each depth class are also shown in Figure
4.9 (left column) in red overlaying their un-smoothed form in black. Each year of Rapid-
WATCH mid-ocean transports from which they were calculated are also shown overlaid
in blue. Seasonal transport anomalies are subsequently calculated by removing the
mean transport in each depth class. To removal the seasonal sampling eect from each164 Chapter 4. Hydrographic Transports at 24.5N
hydrographic section, a seasonal transport anomaly is subtracted from the hydrographic
transports. This is the mean of the seasonal transport anomaly over the months which
each cruise took place. The months in which each cruise took place are given in Table
4.5, along with the range of the seasonal cycle in each depth class. Table 4.5 also shows
mid-ocean transports for the six hydrographic sections in depth classes (calculated using
long term mean Ekman and Florida Straits transports) before (normal font) and after
(italic font) the removal of a seasonal transport anomaly. The adjustment of mid-ocean
hydrographic transports for seasonal sampling is also visualised in Figure 4.9 (right
column) and is discussed later in this section.
It is emphasised that the removal of a seasonal transport anomaly from the mid-ocean
hydrographic transports is mass conserving and does not lead to a mass imbalance in
the sections. During the calculation of Rapid-WATCH mid-ocean transports, section-
wide mass balance is enforced at each time-step. Because in this case Ekman and
Florida Straits transports have been held constant, the mean mid-ocean transport prole
must act to balance these northward transports, and any mid-ocean transport prole
anomalies about this mean state (such as the seasonal cycle) must themselves therefore
be mass balanced. The removal of seasonal transport anomalies from the hydrographic
data cannot therefore lead to any mass imbalance.
In the upper ocean, the seasonal cycle is reasonably well dened relative to the 5-year
spread of the data (Figure 4.9) with a southward maximum in Spring, a minimum in
Autumn, and a secondary maxima in mid-Winter, in agreement with Kanzow et al.
(2010). However, the 7.6 Sv range of the upper mid-ocean seasonal cycle (Table 4.5) is
1.7 Sv larger than the 5.9 Sv range calculated by Kanzow et al. (2010) using 4 years of
Rapid data (2004-2008). This is due only in small part ( 0.1 Sv) to seasonal Florida
Straits and Ekman transport variability, which is somewhat in phase with the mid-ocean
seasonal cycle (and thus has compensating barotropic mid-ocean ow in anti-phase) but
is not included in this analysis where mean values are used to isolate mid-ocean transport
variability. Neither is this due to the inclusion of a fth year of Rapid data, whose 5-
year upper mid-ocean range using monthly averages is 6.1 Sv (0.2 Sv larger than that
for four years), nor to a restricted depth range as both upper mid-ocean transport
(0-800 metres in this study) and that used by Kanzow et al. (2010) (to the zonally
integrated vertical streamfunction maximum) have identical 7.6 Sv range for the 5-year
record when calculated using a 60-day low-pass lter approach. The majority of theChapter 4. Hydrographic Transports at 24.5N 165
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Figure 4.7: April 2004-April 2009 Rapid-WATCH transport timeseries at 26N
(black) with the mean seasonal cycle overlaid (red). Mid-ocean timeseries are calculated
using time-term mean Ekman and Florida Straits transports (to isolate mid-ocean vari-
ability). Seasonal cycles are calculated from the 5-year mean of each twice daily value
(i.e. all January 1st's, all January 2nd's etc) which are then 60-day low-pass ltered to
obtain the seasonal cycle.166 Chapter 4. Hydrographic Transports at 24.5N
1957 1981 1992 1998 2004 2010 Rapid
Ekman 4.5 4.5 4.5 4.5 4.5 4.5 3.6
Florida Straits 31.1 31.1 31.1 32.1 32.1 32.1 32.1
Mid-Ocean
-15.7 -18.0 -17.2 -21.6 -23.3 -17.7 -17.6 / 7.6
-19.0 -18.9 -17.4 -19.8 -21.4 -16.9 3.1 / 2.4
Upper Total
19.9 17.6 18.4 15.0 13.3 18.9 18.1 / 7.6
16.6 16.7 18.2 16.8 15.2 19.7 3.1 / 2.4
Intermediate
1.6 1.1 0.7 -0.0 0.8 0.5 0.5 / 1.0
1.4 0.9 0.4 0.0 0.9 0.6 0.6 / 0.5
UNADW
-11.5 -9.3 -11.0 -11.6 -10.2 -15.9 -12.3 / 5.9
-8.9 -8.4 -11.0 -13.4 -10.8 -17.1 2.3 / 1.8
LNADW
-12.3 -12.3 -10.4 -4.6 -6.5 -5.6 -8.2 / 2.6
-11.5 -12.0 -10.0 -4.9 -7.5 -5.3 2.3 / 2.2
AABW
2.3 2.8 2.4 1.4 2.5 2.0 2.0 / 0.5
2.4 2.8 2.4 1.4 2.3 2.2 0.5 / 0.4
Lower Total
-19.9 -17.6 -18.4 -15.0 -13.3 -18.9 18.1 / 7.6
-16.6 -16.7 -18.2 -16.8 -15.2 -19.7 3.1 / 2.4
Cruise Month Oct
Aug-
Sep
Jul-
Aug
Feb Apr
Jan-
Feb
-
Table 4.5: Northward transport (Sv) in depth classes for the six hydrographic sections
calculated using long term mean Ekman and Florida Straits transports (thus isolating
interior ocean variability). Numbers in italic denote transports adjusted for seasonal
variability derived from 5 years of Rapid observations (2004-2009). Rapid transports are
also calculated using long term mean Ekman and Florida Straits. For each depth class,
Rapid timeseries transport properties are also given (right column), these are: mean
transport / seasonal cycle range / std. dev. / std. dev. with seasonal cycle removed.
For full depth class denitions see Table 4.3.
increase comes from the use of a 60-day low-pass lter on the 5-year daily averages to
estimate the seasonal cycle, which has a seasonal range that is 1.5 Sv greater than for
simple monthly averages (see Figure 4.8). This occurs because the seasonal maximum,
and particularly minimum southward transports fall on boundaries between adjacent
months. The ltering approach used in this study is thus considered a better approach
for estimating the seasonal cycles in the Rapid-WATCH data.
In the deep ocean, the UNADW seasonal cycle is also reasonably well dened relative
to the 5-year spread of the data (Figure 4.9) with a southward transport minimum in
Spring, a maximum in Autumn and a range of 5.9 Sv (Table 4.5). In the LNADW a
somewhat similar structure still exists with a southward transport minimum in Spring
and a maximum in Winter, but with a much smaller range of 2.2 Sv and a less well
dened cycle relative to the 5-year spread of the data (Figure 4.9). Broadly though,
the data suggest a rst mode like internal variability of the mid-ocean ow, consistentChapter 4. Hydrographic Transports at 24.5N 167
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Figure 4.8: Left, calculation of upper mid-ocean seasonal cycle for ve years (2004-
2009) of Rapid-WATCH data (where upper mid-ocean transport is the time variant
maximum of the zonally integrated vertical streamfunction, as dened for Rapid-
WATCH data, see Kanzow et al., 2010). Two approaches are demonstrated, simple
monthly means (black) and a 60-day low-pass of the 5-year daily means using a 5th or-
der Butterworth lter (red) as used in this study. Right, 5 years of Rapid-WATCH data
with the 60 day low-pass mean seasonal cycle overlaid, the fth year of Rapid-WATCH
data (April 2008-April 2009) is highlighted in black.
with the the conclusions of Kanzow et al. (2010) who identied wind stress curl forced
Ekman pumping at the eastern boundary as the chief mechanism driving this variability.
This gives some condence that the estimate of the LNADW seasonal cycle used here is
reasonable. At intermediate water depths (800-1100 metres), the seasonal cycle shows
some coherence with the upper ocean, consistent with Chidichimo et al. (2010) who
found that seasonal upper ocean density anomalies close to the African coastline are
coherent to depths of  1400 metres (in the rst 3.5 years of Rapid-WATCH data) and
that most transport variability there has a rst-mode type structure.
Hydrographic changes with seasonal variability removed Adjusting the upper-
ocean hydrographic data to take account of this seasonal anomaly, the enhanced south-
ward transport in 1998 and 2004 is less well dened, suggesting that part of the weak-
ening AMOC trend identied by Bryden et al. (2005b) using the pre-2010 data was the
result of aliasing enhanced southward transport in the mid-ocean seasonal cycle during
late Winter and early Spring (Figure 4.9). The remaining upper ocean hydrographic
variability lies comfortably within two std. dev. of the mean Rapid transport of -17.6
Sv (the std. dev. for the de-trended and de-seasonalised 5 year timeseries is 2.4 Sv, see168 Chapter 4. Hydrographic Transports at 24.5N
Table 4.5), i.e. within the range of sub-annual and interannual variability. No signi-
cant long term transport variability can therefore be identied from the de-seasonalised
upper ocean hydrographic transports. Kanzow et al. (2010) also de-seasonalised the
work of Bryden et al. (2005b) to obtain a similar result in the upper-ocean, though their
approach was less satisfactory as mid-ocean variability was not isolated nor identical
depth ranges compared.
In the deep ocean, the greater amplitude of the seasonal cycle in the UNADW relative
to the LNADW leads to a larger seasonal adjustment to hydrographic transports in this
depth class (Figure 4.9). In the LNADW, the removal of a small seasonal bias does
not aect the long term weakening trend, whilst in the UNADW removal of a seasonal
bias emphasises a long term strengthening trend (particularly through adjustment of
the 1957 and 1981 UNADW transports towards a weaker southward ow, Figure 4.9).
Unlike the upper ocean, in the deep ocean removal of a seasonal anomaly from the
hydrographic data does not diminish the apparent long term transport trends. Whilst
the 5-year Rapid-WATCH UNADW and LNADW timeseries show similar std. dev., the
greater amplitude of the UNADW seasonal cycle relative to the LNADW means the
std. dev. of sub-annual and interannual variability in the UNADW is smaller than for
the LNADW (Table 4.5). In the UNADW, the seasonally adjusted hydrographic values
for 1981 and 2010 are found to lie outside  2 std. dev. (for the de-trended and de-
seasonalised timeseries) of the Rapid-WATCH mean (-12.3  3.6 Sv) suggesting some
longer term change is very likely to have taken place outside the range of sub-annual and
variability (though not necessarily a long term trend). This in part may be revealed as
the Rapid timeseries is extended through 2010. In the LNADW, no seasonally adjusted
values lie outside  2 std. dev. of the Rapid-WATCH mean (-8.2  4.4 Sv) though the
1981 value lies within 0.6 Sv of the lower limit. The fact that some signicant (and near
signicant) multi-annual or decadal changes do appear to have occurred relative to the
Rapid-era warrants further investigation and will be addressed in Section 4.3.2.
An interesting result from the de-seasonalised hydrographic transport changes is the
emergence of an apparent anti-correlation between transports in the UNADW and
LNADW (Figure 4.9). Because water masses in the UNADW and LNADW depth classes
comprise water masses from dierent source regions, this relationship between their six
hydrographic values is perhaps surprising as it might be expected that these transports
should vary somewhat independently at longer timescales, though interestingly someChapter 4. Hydrographic Transports at 24.5N 169
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Figure 4.9: Left column, seasonal transport cycles (red lines) calculated in depth
classes given in Table 4.3 for ve years of Rapid-WATCH data (2004-2009). Blue lines
denote each year of data overlaid (10-day low-pass ltered), ne black lines show the
5-year mean of each twice daily value (i.e. all January 1st's, all January 2nd's etc)
which are then 60-day low-pass ltered to obtain the seasonal cycle (red lines). Right
column, lines denote mid-ocean transport for the 6 hydrographic sections with (red)
and without (blue) adjustment for seasonal anomalies. Black bars denote the mean
of the Rapid-WATCH data  1 std. dev. of the de-trended and de-seasonalised 5-year
timeseries.170 Chapter 4. Hydrographic Transports at 24.5N
anti-correlation has already been noted in DWBC transports at sub-polar latitudes (e.g.
Sarafanov et al., 2009, see also Section 4.4). To further test that anti-correlation in
the vertical deep water structure is attributable to interannual or longer term variabil-
ity, correlation between the 5-year UNADW and LNADW Rapid-WATCH timeseries
(de-trended and de-seasonalised) was also calculated and found to be only -0.27. This
emphasises that the anti-correlation seen in the de-seasonalised hydrographic data is not
indicative of sub-annual transport variability (such as internal waves), but is likely due
to longer term dynamic changes.
Finally, changes in the intermediate water are not signicant relative to Rapid-WATCH
data whilst AABW and Rapid data are not readily comparable (as stated earlier) and
are included here only for completeness.
Is the Rapid-WATCH seasonal cycle robust in space and time? In making
seasonal adjustments to the hydrographic data, it is assumed that the seasonal cycles
obtained from 5 years of Rapid data are a good representation of the longer term sea-
sonal cycle. In Chapter 2 it is emphasised that accurate estimation of the seasonal cycle
can require decadal length datasets given signicant variability at non-seasonal frequen-
cies. The sizeable deviation of the fth year of Rapid-WATCH upper mid-ocean data
from the previous four years (Figure 4.8, right) highlights such potential problems and
suggests the structure of seasonal variability at 26.5N can not yet be condently as-
sessed. However, in this case the physical relationship established between the estimated
seasonal transport cycle and regional wind stress at the African coastline (Chidichimo
et al., 2010; Kanzow et al., 2010) gives credence to the use of this seasonal cycle.
It is also assumed here that the seasonal cycles calculated at 26.5N using the 5-year
Rapid-WATCH dataset are persistent from year to year over the period of hydrographic
observation. Whilst no in-situ ocean observations exist prior to the Rapid-WATCH era
sucient to test this directly, the availability of climatological winds stress data mean
the stability of the forcing mechanism itself can be investigated. Kanzow et al. (2010)
show that from 1999-2009, wind stress curl at the African margin from 0.25 x 0.25
gridded Quikscat scatterometer data shows a dominant and persistent seasonal cycle
in both phase and amplitude (grid point 27.25N, 14.5W). The stability of seasonal
wind stress curl at the African margin is further investigated here over a longer period
using NCEP-NCAR reanalysis data from 1980-2007. Unfortunately, the coarse 1.9Chapter 4. Hydrographic Transports at 24.5N 171
resolution of the NCEP-NCAR climatology at this latitude means it is necessary to
incorporate land grid points in the calculation of wind stress curl to get values close
to the eastern margin. This is not ideal and raises questions as to the reliability of
such an analysis; in Chapters 2 and 3 such grid points were omitted when calculating
zonally integrated Sverdrup transports at 25.71N due to greater disagreement between
wind stress climatologies approaching the basin margins. The seasonal cycles shown in
Figure 4.10a at grid point 25.71N, 15W show comparable phase and amplitude to high
resolution satellite era observations presented by Kanzow et al. (2010). Furthermore, the
seasonal cycle of wind stress curl has a large amplitude extending along the Moroccan
coastline, due chiey to a coastal jet in meridional wind stress (Figure 4.10b-e), which
is consistent with the explanation given by Kanzow et al. (2010). This also suggests the
seasonal cycle observed by Rapid-WATCH may extend over a latitudinal range exceeding
that of the diering hydrographic cruise tracks. The use of NCEP-NCAR data for this
application is then reasonable and the consistent year to year seasonal cycle shown in
Figure 4.10a does at least support the notion of long term stability of wind stress curl
at the eastern margin. As wind stress curl at the African coastline is thought to be the
dominant forcing for the mid-ocean seasonal cycle at 26.5N, this supports the removal
of seasonal transport anomalies shown in Figure 4.9 from all hydrographic data.
A similar analysis is not possible for the 1 gridded NOC v1.1 climatology which does not
resolve a similar seasonal cycle at this latitude. The seasonal cycle shown in Figure 4.10a
disappears completely at the next grid point west (16.9W) and is a coastal phenomena.
Chapter 3 emphasised the ne structure of seasonal wind stress variability in the region
south of the Canary Islands, and based on the MWF QuikSCAT climatology suggested
the seasonal wind curl cycle at the eastern margin may not be latitudinally coherent
in this region as suggested by Kanzow et al. (2010). The value of the NCEP-NCAR
analysis above is the demonstration of the year to year stability of seasonal winds at
the eastern margin close to the Canary Islands, which supports the removal of Rapid-
WATCH seasonal transport anomalies from the 1981, 1998, 2004 and 2010 sections whose
cruise tracks closely follow the Rapid-WATCH mooring positions. For the 1957 and 1992
sections, removal of Rapid-WATCH seasonal transport anomalies is less certain due to
their more southerly cruise track at the eastern margin (Figure 4.1). It is emphasised
that it is the 1981 and 1957 NADW transports that show the most interesting dierences
relative to Rapid-WATCH measurements. The application of a seasonal correction to172 Chapter 4. Hydrographic Transports at 24.5N
the 1981 section remains robust, whilst changes in LNADW transport remain signicant
relative to Rapid-WATCH variability for both the 1957 and 1981 sections, whether or
not a seasonal transport anomaly is removed.
4.3.1.5 The zonal structure of transport changes
The longitudinal structure of transport changes between the six hydrographic sections
is presented in Figure 4.11 using east to west cumulative transport proles for the depth
layers in Table 4.3. The transports used are those given in Table 4.4, i.e. using an-
nual average Ekman and Florida Straits transports, though the structures of mid-ocean
changes are robust whether or not these annual means are used and does not change
the investigation of mid-ocean transport variability as presented in Figure 4.11. In the
upper ocean, some evidence is seen of the seasonal transport variability described above.
Chidichimo et al. (2010) compared two density proles, one from merged mooring data
up the eastern margin, and one from a full depth mooring located at 24W (EB1, see
Figure 4.2) and found little coherence, demonstrating that most of the AMOC seasonal
cycle observed by Rapid-WATCH is conned locally to the eastern margin and coherent
over the upper 1400 metres of the water column. In a cumulative transport plot begin-
ning at the eastern margin, it may therefore be expected that both the 1998 and 2004
(Winter-Spring) sections would accumulate enhanced southward transport east of 24W
relative to the 1957 and 1981 sections (Summer-Autumn) of order several Sverdrups
due to an opposing phase of seasonal cycle. This is somewhat observed for the 2004
section which shows enhanced cumulative southward transport over most of this longi-
tudinal range before merging with the other sections at  25W. However, a distinct
ordering amongst cumulative transports dependent on predicted seasonal phase is not
obvious. This may be due to the sampling of non-seasonal variability which has also
been observed at the eastern margin (Chidichimo et al., 2010), or that the seasonal cycle
observed by Rapid-WATCH is not robust in time or space. Evidence of seasonal Ekman
pumping at the eastern margin is further investigated in Figure 4.12 using the depth of
the 17C isotherm. For the 1981, 1998, 2004 and 2010 sections, which deviate north-
wards approaching Africa, some evidence of enhanced Winter/Spring Ekman pumping
is observed between 25W-16W where for the 1998 and 2004 sections the isotherms are
displaced toward the surface of order tens of metres relative to 1981. East of  16W,
the 17C isotherm rises steeply toward the surface which is due to a coastal upwellingChapter 4. Hydrographic Transports at 24.5N 173
Longitude  (oW)
L
a
t
i
t
u
d
e
 
(
o
N
)
 
 
−25 −20 −15 −10 −5
15
20
25
30
35
0
1
2
3
4
5
6
7
8
9
10
x 10
−7
50 100 150 200 250 300 350
−10
−8
−6
−4
−2
0
2
x 10
−7
W
i
n
d
 
S
t
r
e
s
s
 
C
u
r
l
 
(
N
m
−
3
)
Year Day
curl
Longitude (
oW)
L
a
t
i
t
u
d
e
 
(
o
N
)
 
 
−25 −20 −15 −10 −5
15
20
25
30
35
0
1
2
3
4
5
6
7
8
9
10
x 10 −7
Longitude (
oW)
L
a
t
i
t
u
d
e
 
(
o
N
)
 
 
−25 −20 −15 −10 −5
15
20
25
30
35
0
1
2
3
4
5
6
7
8
9
10
x 10−7
Longitude (
oW)
L
a
t
i
t
u
d
e
 
(
o
N
)
 
 
−25 −20 −15 −10 −5
15
20
25
30
35
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
Longitude (
oW)
L
a
t
i
t
u
d
e
 
(
o
N
)
 
 
−25 −20 −15 −10 −5
15
20
25
30
35
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
(a)
(f) (e)
(d) (c)
(b)
dtydx dtxdy
tauy taux
Figure 4.10: (a) sum of annual and semi-annual harmonics tted for each year to
1980-2007 NCEP-NCAR wind stress curl at grid point 25.71N, 15W. Red denotes
long term mean. (b) 1980-2007 NCEP-NCAR wind stress curl seasonal cycle range,
crosses denote NCEP land grid points, dots denote NCEP ocean grid points. Wind
stress curl is calculated using a nite dierence scheme (Josey et al., 2002). (c)-(d)
as for (b) but showing components of wind stress curl: zonal gradient of meridional
wind stress (dtydx or @y=@x) and meridional gradient of zonal wind stress (dtxdy or
@x=@y). (e)-(f) as for (c)-(d) but showing seasonal range of meridional (tauy or y)
and zonal (taux or 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regime. For the July 1981 section, the 17C isotherm rises by  140 m close to the
African coast which almost coincides with a Summer maximum in southward coast-
parallel trade winds, though the eect of this is not evident in the cumulative transport
plots (a strong southward owing jet might be expected). The 1957 and 1992 sections do
not show a relative seasonal deepening of the 17C isotherm, though as stated above this
is not necessarily expected given these sections were occupied several degrees south of
the Rapid-WATCH array at these longitudes. Overall it is hard to nd strong evidence
of the seasonal cycle observed by Rapid-WATCH in the hydrographic sections though
neither can its existence be ruled out. The application of a seasonal adjustment in the
preceding section thus remains a valid option.
Across the remainder of the upper ocean a general southward ow is observed, locally
disrupted by eddy activity (Figure 4.11). East of  70W, all cumulative proles tend to
intertwine before noisily separating towards their nal zonally integrated values closer to
the western margin. This behaviour is indicative of enhanced eddy activity at the west-
ern margin and is further emphasised in Figure 4.13, which also shows enhanced western
margin variability deeper in the water column and over the Mid-Atlantic Ridge. This
enhanced eddy activity is not related to regionally enhanced wind stress curl forcing and
is instead attributable to complex topographic eects and other eddy processes (Figure
4.13). Although eddy activity has been shown to diminish sharply approaching the
western margin, its eect on basinwide integrated volume transports is still substantial,
contributing  2.3 Sv RMS to zonally integrated transport variability in the upper ocean
(Kanzow et al., 2010). Similarly, for the ve year Rapid-WATCH dataset, the western
margin makes a greater contribution to zonally integrated upper ocean transport vari-
ability than the eastern margin (calculated as 2.8 Sv RMS and 2.3 Sv RMS respectively
after Gulf Stream and Ekman transport variability is removed) despite possessing a
weaker seasonal cycle than the eastern margin (Kanzow et al., 2010). The horizontal
structure of the hydrographic transport variability is thus consistent with the obser-
vation that all upper ocean transport variability falls within the range of sub-seasonal
variability observed by Rapid-WATCH.
In the deep ocean, cumulative UNADW transport shows no clear evidence of diering
seasonal phase east of  25W where most of the seasonal mid-ocean transport cycle is
expected to occur (Figure 4.11). Further west a mostly southward mid-ocean transportChapter 4. Hydrographic Transports at 24.5N 175
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Figure 4.11: Cumulative mid-ocean transport summed from east to west for the 1957,
1981, 1992, 1998, 2004 and 2010 hydrographic sections. Depth intervals are given in
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Figure 4.12: Depth of the 17C isotherm across the mid-ocean for the 1957, 1981,
1992, 1998, 2004 and 2010 hydrographic sections. Values are smoothed using a  4
longitude running mean between 70W and 20W and a  1 window west and east of
this at the ocean margins. Based on Longworth (2007)
accumulates across the basin width, except for the 2004 section where northward trans-
port above the mid-ocean ridge leads to a net northward transport in the ocean interior.
West of  70W, the mean structure of the transports diers somewhat for the earlier
three sections whose cruise tracks do not deviate north towards the Florida Straits (Fig-
ure 4.1). In the 1957, 1981 and 1992 sections, a broader western boundary current with
strong oshore recirculation gyre (not evident in the 1981 section) is observed whilst
in the 1998, 2004 and 2010 sections a narrower and stronger western boundary current
adjacent to the basin margin is seen. Similar to the upper ocean, cumulative proles
tend to separate noisily towards their nal zonally integrated values approaching the
western margin, indicative of enhanced eddy variability in this region and consistent
with the earlier observation that most hydrographic variability falls close to the range of
sub-seasonal variability observed by Rapid-WATCH. The structure of any multi-annual
or decadal transport changes in DWBC transport that may be occurring in this region
is thus hard to separate from shorter term variability.
For all sections, LNADW southward transport accumulates gradually across the basin
width and eddy activity is somewhat diminished in comparison with shallower depths.
West of  68-70W, all sections show evidence of a deep western boundary current close
to the basin margin and a broader oshore recirculation gyre. The 2010 section showsChapter 4. Hydrographic Transports at 24.5N 177
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Figure 4.13: Geostrophic velocities for the six hydrographic sections (cm s 1) on 20
dbar spaced pressure surfaces within the depth classes given in Table 4.3. Velocities
for all six hydrographic sections are shown overlaid (calculated as described in Section
4.2.3). The bottom right plot shows 1 std. dev. of upper ocean velocities calculated
from monthly NCEP (blue) and NOC v1.1 (red) Sverdrup transports assuming a 1000
metre thick wind driven layer.
a particularly interesting structure in this region where despite having a signicantly
stronger southward transport across the mid-ocean in comparison with the 1998 and
2004 sections, a strong northward transport occurs close to the western margin to give a
nal, comparatively weak section wide transport. This strong weakening of the DWBC
appears indicative of strong eddy activity and, as for the UNADW, is consistent with
all LNADW hydrographic transport variability also falling close to the range of Rapid-
WATCH sub-seasonal variability. Interestingly, the relatively small magnitude of eddy178 Chapter 4. Hydrographic Transports at 24.5N
variability at LNADW depths in the ocean interior (away from the margins) reveals more
coherent, large scale changes in transport which are eventually obscured by variability
in the DWBC and it's recirculation gyre. Qualitatively similar changes are seen in the
ocean interior at UNADW depths, albeit it less clear.
Consistent with the hydrographic data (Figures 4.13 and 4.11), for the ve year Rapid-
WATCH dataset, in the deep ocean the western margin makes a greater contribution
to zonally integrated transport variability than the eastern margin2 (1.7 versus 1.6 Sv
RMS for the UNADW and 2.1 versus 1.4 Sv RMS for the LNADW). This study concen-
trates mostly on western margin variability. This is further justied since the DWBC is
expected to play a signicant role in longer term transport variability in the deep ocean
which is of chief interest here. Overall, for the hydrographic data, large-scale and longer
period zonally integrated transport changes are dicult to separate from localised eddy
variability in the western boundary region which is of comparable or greater magnitude.
4.3.2 Transport changes in potential temperature classes
4.3.2.1 A comparison with changes in depth classes
The previous section decomposed transport variability in the hydrographic sections into
depth layers. However, because the depth of the interface between water masses of
interest varies with time, it is useful to also consider water mass changes in potential
temperature classes. Transports for the six hydrographic sections in the potential tem-
perature classes of Table 4.3 are given in Table 4.6. Most of the mid-ocean changes in
potential temperature classes given in Table 4.6 are broadly consistent with those seen
in Table 4.4 over their typical depth range, which is due to the near horizontal nature of
isotherms at 24N (Figure 4.4) and because most transport changes in potential temper-
ature classes occur due to changes in the velocity eld and not the thickness of the layers
of interest (Section 4.3.2.3). In the upper ocean, total transport variability between the
hydrographic sections in potential temperature classes is similar to that in depth classes
but with total transports that are generally 2-3 Sv lower. This is due to mid-ocean
northward Antarctic Intermediate Water transport being separated from upper ocean
2Rapid-WATCH timeseries calculated isolating transport variability at the western and eastern
Atlantic margins are kindly provided by Eleanor Frajka-Williams (National Oceanography Centre,
Southampton, UK)Chapter 4. Hydrographic Transports at 24.5N 179
1957 1981 1992 1998 2004 2010
Surface
Ekman 4.0 2.5 3.4 0.5 1.4 1.5
Florida Straits 8.8 8.8 8.6 9.8 9.1 9.0
Mid-Ocean -4.0 -3.0 -2.0 3.4 1.2 4.8
Total 8.8 8.3 10.0 13.7 11.7 15.3
Thermocline
Ekman 0.5 1.2 1.2 4.7 3.1 2.2
Florida Straits 17.5 17.5 17.1 18.9 17.9 17.7
Mid-Ocean -13.2 -15.4 -14.2 -25.4 -24.2 -22.5
Total 4.8 3.3 4.1 -1.8 -3.2 -2.6
Lower Thermocline
Florida Straits 2.8 2.8 2.6 3.2 2.9 2.8
Mid-Ocean -0.1 -0.4 -1.3 -1.1 -1.0 -0.7
Total 2.7 2.4 1.3 2.1 1.9 2.1
Upper Layer Total 16.3 14.0 15.4 14.0 10.4 14.8
1957 1981 1992 1998 2004 2010
Intermediate
Florida Straits 2.0 2.0 2.0 2.1 2.0 2.0
Mid-Ocean 3.1 2.0 -0.1 -0.8 1.9 0.4
Total 5.1 4.0 1.9 1.3 3.9 2.4
UNADW
SLSW -2.0 -2.1 -1.3 -2.8 -2.1 -3.6
LSW -5.1 -3.3 -4.1 -5.1 -5.8 -7.4
ISOW -6.1 -3.6 -4.2 -3.7 -2.6 -4.3
Total -13.2 -9.0 -9.6 -11.6 -10.5 -15.2
LNADW
DSOW -12.6 -13.6 -9.8 -6.5 -6.3 -3.9
AABW 3.6 3.7 1.4 2.0 1.8 1.0
Lower Layer Total -17.1 -14.9 -16.1 -14.8 -11.1 -15.7
Table 4.6: Northward transport (Sv) in potential temperature classes for the six
hydrographic sections; for full class denitions see Table 4.3. Layer totals are also
given. Note that net imbalance between upper and lower layer total transports is due
to Bering Straits inow (0.8 Sv) to the North Atlantic.
transport, and deep northward Florida Straits transport (<9.5C) being classied as
intermediate water. Total southward transports in the lower ocean are similarly aected
and 2-3 Sv higher than those in depth classes. The use of potential temperature classes
allows variability to be sub-divided more nely into source regions of particular interest,
such as main thermocline water, Labrador Sea water and Denmark Straits overow wa-
ter, and does reveal some interesting changes not observed in depth classes. These are
considered below.180 Chapter 4. Hydrographic Transports at 24.5N
4.3.2.2 Transport changes in potential temperature layers
The transport changes given in Table 4.6 for potential temperature classes are visualised
in Figure 4.14. In the upper ocean, the main thermocline waters show a striking increase
in southward transport in the 1998, 2004 and 2010 sections. To investigate the nature
of this change, cumulative transport plots are presented in Figure 4.15. It is immedi-
ately obvious that this is in part due to seasonal change in the near surface isotherms.
The 1957, 1981 and 1992 sections were completed in Summer and Autumn when the
surface waters were warmer leading to a deepening of the 24.5C isotherm (dened as
the upper potential temperature limit of the main thermocline waters in Table 4.3).
The strong southward geostrophic ow seen in the upper hundred metres of the water
column (Figure 4.6) is therefore dened as occurring in the surface water (Figure 4.14).
The opposite eect is true of the 1998, 2004 and 2010 sections where during Winter and
Spring the 24.5C isotherm has shallowed such that it occurs sporadically at the surface
(Figure 4.15). This acts to enhance the southward thermocline transport both due to
the seasonal isotherm migration described above, and also due to the spatial aliasing of
strong northward surface eddy transports. This is evident particularly in the 1998 and
2010 sections where the outcropping of the 24.5C isotherm coincides with northward
transport on the eastern ank of two of the largest cold-core cyclonic eddies observed
in the six sections (these are likely to be Gulf Steam rings). The northward transport
associated with this eddy activity is thus ascribed to the surface waters and not the
main thermocline waters (Figure 4.14).
To reduce the problems associated with seasonal isotherm migration, a potential tem-
perature of 22.5C is proposed to separate thermocline and surface waters, which diers
from the 24.5C given in Table 4.6 (as previously used by Longworth, 2007, in turn based
on previous work, see Table 4.6). This was chosen based on zonally averaged (across
all mid-ocean prole data) upper ocean potential temperature proles for each of the 6
hydrographic sections (Figure C.1). The 22.5C isotherm is clearly more representative
of the base of the seasonal thermocline and the top of the permanent thermocline at
24.5N. Because upper ocean isotherms shallow towards the east at 24.5N, the 22.5C
isotherm does outcrop at the surface, particularly in the Winter-Spring sections (1998,
2004 and 2010, Figure 4.15). An isotherm of lower temperature is not chosen however
as thermocline transport in the west of the section (where isotherms deepen) will thenChapter 4. Hydrographic Transports at 24.5N 181
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Figure 4.14: Mid-Ocean transport for the six hydrographic sections in the potential
temperature classes given in Table 4.3.
be incorrectly partitioned into the surface layer. A choice of the 22.5C isotherm based
on the zonally averaged temperature proles (Figure C.1) is considered reasonable.
If the 22.5C isotherm is used to separate surface and thermocline waters, southward
thermocline transport in the 2010 section is reduced by 8.1 Sv and becomes comparable
to thermocline transport in the 1957, 1981 and 1992 sections (Table C.1, Figure C.2).
Southward thermocline transport in the 1998, and particularly 2004 sections remains
enhanced relative to the earlier sections, consistent with the transport proles seen in
Figure 4.6. The strong southward thermocline transport seen in the 2004 section re-
mains in part due to cold surface temperatures and the partitioning of surface transport
into the thermocline (Figure C.1). However, if an isotherm of 22.0C is used to sepa-
rate surface and thermocline waters, a southward transport of 20.1 Sv is still observed,
suggesting enhanced thermocline transport in the 2004 section (by  7-9 Sv relative to
the 1957, 1981 and 1992 sections) is a robust result. If transport changes are considered
in ner potential temperature divisions (Figure 4.16d), most of the enhanced southward182 Chapter 4. Hydrographic Transports at 24.5N
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Figure 4.15: Cumulative mid-ocean transport (Sv) for the six hydrographic sections.
Cumulative transport is calculated from the deep ocean to the surface and from east
to west in the upper 800 metres of the ocean, thus the nal transport for the upper
ocean is found in the top left corner of each subplot. Potential temperature contours
are shown in black. Based on Longworth (2007)Chapter 4. Hydrographic Transports at 24.5N 183
transport in the 2004 section occurred in the warmer 18.5-22.5C thermocline waters.
The 1998, 2004 and 2010 thermocline waters may have an enhanced southward transport
associated with a strong seasonal transport cycle of > 7 Sv range which occurs close
to the eastern margin in the upper ocean at these latitudes (Figure 4.8). Whilst it is
not yet possible to partition this seasonal transport cycle into potential temperature
classes, it is likely that this will have a similar order eect on the thermocline waters.
As enhanced southward thermocline transport in the 1998 and 2004 sections is within
the seasonal cycle range at 24.5N (and given sub-seasonal eddy variability of order 2-3
Sv RMS, Table 4.5), this cannot be condently attributed to a longer term increase
in southward gyre transport. This is further supported when considering interannual
Sverdrup transport variability at this latitude. Figure 4.17 shows southward Sverdrup
transport variability was anomalously high in 1998 and 2010, but approached a low in
2004, and cannot explain enhanced southward transport in 2004 relative to 1998 and
2010. Interestingly, in the mid-ocean the 17.5 C isotherm is depressed across much of
the mid-ocean in the 1998, 2004 and 2010 sections relative to the 1957, 1981 and 1992
sections (Figure 4.12), and the thickness of the thermocline is enhanced section-wide by
 20 metres in the 1998 and 2004 sections relative to the mean for all sections (Table
C.11). Although seasonal and sub-seasonal transport variability may obscure evidence
of longer term transport variability in the upper ocean, this provides some evidence that
southward gyre transport may have increased over time, as suggested from Sverdrup
transports in the NOC wind climatology at 26N (1980-2005, Chapter 3).
In the deep ocean, the partitioning of transport variability into potential temperature
classes highlights some interesting changes. Whilst considering transport variability
on depth levels revealed a possible compensating enhancement/reduction of southward
UNADW/LNADW over time (Figure 4.9), Figure 4.14 shows that much of this change
occurred specically in the LSW and DSOW, which show a monotonic enhancement/re-
duction in southward transport since the 1981 section respectively. Despite occupying
a relatively narrow depth range at 26N, LSW (3.2-4C) shows a trend in transport
not reected by either the ISOW or SLSW surrounding it. DSOW (1.8-2.5C) is the
only water mass comprising the LNADW (Table 4.3) and accounts for all the reduc-
tion in southward transport in this layer. In Figure 4.9 it is clear that the reduction
in southward DSOW transport from 1981-2010 of  10 Sv is not fully compensated by
an increase in LSW transport from 1981-2010 of  4 Sv. As shown in Figure 4.9 in184 Chapter 4. Hydrographic Transports at 24.5N
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Figure 4.16: Mid-Ocean transport for the six hydrographic sections, sub-divided
into potential temperature classes. The potential temperature classes used are ner
sub-divisions of those given in Table 4.3, to identify where transport changes have
occurred; (a) DSOW (1.8-2.5C) and ISOW / NAIW (2.5-3.2C), layer thicknesses
are 0.2C in DSOW (except the coldest layer which is separated from northward owing
AABW at 1.85C, 1.70C, 1.80C, 1.85C, 1.75C and 1.9C for 1957 through 2010)
and 0.175C in ISOW / NAIW; (b) LSW (3.2-4C) and SLSW (4-5C), layer thicknesses
are 0.2C in LSW and 0.25C is SLSW; (c) AAIW and MW (5-9.5C), layer thicknesses
are 1C except the lowest which is 1.5C; (d) Upper ocean waters (9.5-30.5C), layer
thicknesses are 1C above 24.5C and below 12.5C and 2C in-between; (e) AABW-
DSOW transition, layer thicknesses are 0.05C, the potential temperature separating
the two layers is given above.Chapter 4. Hydrographic Transports at 24.5N 185
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Figure 4.17: Sverdrup transport zonally integrated across the mid-ocean for the
NCEP-NCAR and NOC v1.1 climatologies. Negative transport denotes enhanced
southward Sverdrup (thermocline) transport. NCEP transports are calculated at
25.71N in the range 76.875W-16.875W (available January 1960-October 2010), NOC
transports are calculated at 25.5N in the range 75.5W-16.5W (available January
1980-December 2005) due to diering grids (following Chapter 3). Monthly data are
low-pass ltered at 36-month period, with one lter width removed from either end
of each timeseries. Mean transport and best t linear trends are also removed. Blue
crosses denote NCEP Sverdrup transport averaged over one lter width at the edges of
the dataset whilst green crosses denote annual averages.
depth classes, removal of a seasonal sampling bias acts to enhance transport trends in
the UNADW by several Sverdrups (whilst the LNADW is relatively unaected). Whilst
it is not yet possible to partition this seasonal transport cycle into potential temperature
classes, the seasonally adjusted trend in southward LSW transport is likely to be a few
Sverdrups greater than that shown in Figure 4.9, which will further compensate for the
observed reduction in DSOW. It is likely that the SLSW and ISOW also suer from a
similar seasonal sampling bias, and that they also help compensate for reduced DSOW
ow since 1981, however at least half this compensation seems to occur within the LSW
where a monotonic trend is observed.
If these transport changes are considered in ner potential temperature divisions, most of
the DSOW transport changes occur in its coldest waters, < 2.3C (Figure 4.16a), which
is not indicative of strong velocity shear close to the boundary between ISOW/NAIW
and DSOW. Record low DSOW transport in the 2010 section is partly due to the absence
of transport in waters colder than 1.9C, which results from the choice of 1.9C as the
boundary between DSOW and AABW in 2010 (the warmest in all six sections). Figure
4.16e shows that although some southward ow occurred in the 2010 section at potential186 Chapter 4. Hydrographic Transports at 24.5N
temperatures < 1.9C, the choice of 1.9C still acts to maximise southward ow in the
DSOW and thus record low transport in 2010 is a robust result. Most of the increase in
southward LSW transport occurs in its colder waters, < 3.8C, which is not indicative
of strong velocity shear close to the boundary between SLSW and LSW, but stronger
shear close to the boundary between LSW and ISOW/NAIW.
Transport variability within the deeper water mass classes captures variability similar
to that described for depth classes (Section 4.3.1.4), and thus can be susceptible to
similar sub-seasonal transport variability, particularly approaching the western margin.
However, the vertical structure of the transport changes revealed in the potential tem-
perature classes implies some longer term variability has occurred within water masses
which are expected to be the chief communicators of high latitude buoyancy ux changes
to the low latitudes. This justies an investigation of changing water mass properties,
particularly in the deep ocean, which is presented in Chapter 5.
4.3.2.3 A decomposition of transport changes
Finally, to better understand the nature of the transport changes observed in potential
temperature classes in the six hydrographic sections, a decomposition of the changes is
carried out. Transport in some potential class for some hydrographic section, Tr(;t), is
considered as:
Tr(;t) = ( V + V 0)  ( T + T0)  (  W + W0); (4.2)
where V denotes mean velocity within the layer of interest (ms 1), T denotes mean
vertical thickness of the layer of interest (m) and W denotes maximum horizontal width
of the layer of interest (m). Overbar terms represent the mean of the six hydrographic
sections, whilst prime terms denote the deviation from the mean for the hydrographic
section of interest. The product of the T and W terms can be considered the area of
the layer of interest where the cross-section of some layer at 26N is assumed to be
approximately rectangular, thus changes in T and W are considered independent. This
assumption is not necessarily robust, for example if a new hydrographic section incor-
porates an extended region of gently sloping continental shelf then whilst W increases T
will consequently decrease, which does not represent a thinning of some water mass inChapter 4. Hydrographic Transports at 24.5N 187
response to a process such as decreased formation rate. This assumption is however not
important. Assuming variations of W between hydrographic sections to be small (this
will be addressed below) the  W+W0 term is eectively constant and transport variability
in some water mass class between hydrographic sections which is of interest to this study
is the result of three terms. These are V 0  T, T0 V and V 0T0 which represent enhanced
velocity given constant layer thickness, a change in layer thickness given constant layer
velocity and the covariance of layer mean velocity and thickness anomalies.
Tables of water mass velocity, thickness, width, area and salinity are given in Appendix C
for each of the hydrographic sections, as well as the mean across all sections (Tables C.2,
C.3, C.4, C.5 and C.6). Figure 4.18 demonstrates immediately that most of the transport
variability between hydrographic sections for the main potential temperature classes of
interest to this study are primarily the result of changes in mean layer velocity. This is
particularly true of the LSW, ISOW and DSOW, for which changes in layer thickness
seem to make very little contribution to transport variability. This is emphasised in
Tables C.7 and C.8 where for most water masses (excluding the surface, main thermocline
and AABW), velocity anomalies vary more about their mean across the 6 hydrographic
sections than area anomalies do (i.e. the  V + V 0 term varies proportionally more than
the  T + T0 and  W + W0 terms in Equation 4.2).
In the thermocline waters the changes are more complex as some of the enhanced south-
ward transport seen in the 1998, 2004 and 2010 sections appears to be the result of
a vertical thickening of the main thermocline waters themselves (Figure 4.18). The
increase in thermocline thickness seen in the 1998, 2004 and 2010 sections (of order
40-80m, Table C.3) is consistent with the seasonal shallowing of the upper limit of the
thermocline to incorporate southward surface transport seen in Figure 4.15 and C.1 (of
order 40-60m) and the deepening of the lower limit of the thermocline waters in the
mid-ocean (of order 10-20m for the 12.5C isotherm averaged across the central basin;
60W-20W) as emphasised in Figure 4.12 for the 17C isotherm (which could not be ex-
plained by Ekman pumping). If the thermocline upper limit is set at 22.5C to minimise
seasonal thermocline eects (as in Section 4.3.2.2), thermocline thickness changes are
reduced (Table C.11) but still make a modest contribution to transport variability (Ta-
ble C.12). Changes in mean thermocline velocity however remains the dominant driver
of thermocline transport variability. This is emphasised for the 2004 section where a188 Chapter 4. Hydrographic Transports at 24.5N
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Figure 4.18: A decomposition of transport changes in 4 water mass classes for the
six hydrographic section. The V 0  T, T0  V and V 0T0 terms represent enhanced velocity
given constant layer thickness, a change in layer thickness given constant layer velocity
and the covariance of layer mean velocity and thickness anomalies.
large increase in southward velocity is seen when using the 22.5C upper thermocline
limit (Table C.12), resulting in a large southward transport (Table C.1).
Figure 4.19 highlights the factors controlling the change in area of dierent water mass
layers. It is clear that for the thermocline waters, changes in width of the thermocline
layer also make some modest contribution to the change in total transport (Table C.10),
which is not included in Figure 4.18. Whilst the increased width of the 1998, 2004 and
2010 sections incorporated more continental shelf into the section, this is not reected by
decreased thickness of the layer and thus the change in the T0 V term is considered robust
(i.e. primarily represents a thickening of the water mass layer, not simply a change in
section geometry). For the LSW, ISOW and DSOW, changes in section thickness and
width are not of consequence as changes in water mass cross-sectional area has littleChapter 4. Hydrographic Transports at 24.5N 189
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Figure 4.19: A decomposition of area changes in 4 water mass classes for the six
hydrographic section. The W0  T, T0  W and W0T0 terms represent enhanced layer width
given constant layer thickness, a change in layer thickness given constant layer width
and the covariance of layer width and mean thickness anomalies.
eect on transport variability relative to changes in the velocity eld. It is noted that
in terms of width, the 1957 and 1992 sections are consistently narrower than the other
sections in all water mass classes (except the AABW and surface water, Tables C.4
and C.10) due to their diering cruise tracks (Figure 4.1b), whilst passage through the
MAR leads to a marginally greater width of the DSOW layer in the 2010 section (and
a signicantly greater width of the AABW layer). It is reassuring that the changes in
transport described are chiey the result of changes in the ocean velocity eld and not
simply changes in the geometry of the individual sections.
This is not the case for the AABW. Although not of principal interest to this study, it is
noted that variations in width, thickness and area of the AABW are proportionally larger
than for other water masses (except the surface, Tables C.8, C.9 and C.10) and make a190 Chapter 4. Hydrographic Transports at 24.5N
contribution to transport variability comparable with the velocity eld. Variability of the
velocity eld still makes the greatest contribution to transport variability, emphasised by
the record low northward AABW transport in 2010 (Figure 4.14) which is due to a large
decrease in mean layer velocity, despite the 2010 section having the largest AABW area
(Tables C.7 and C.8). It is nally noted that no clear trends in thickness are observed
in any of the water masses except the intermediate waters where a near monotonic
thickening of almost 100 metres is observed from 1957 to 2010 (Table C.3).
4.4 Discussion and summary
4.4.1 Relationships between sub-tropical and sub-polar variability
Reconciling transport variability in this study at 24N with transport variability in the
sub-polar latitudes is not obvious. Olsen et al. (2008) used observations of Faroe Bank
overow and model-simulated overows to suggest there has been no signicant trend
in either Faroe Bank or total Greenland-Scotland ridge overow transports into the
North Atlantic for the period 1948-2005 (with variability amounting to  1 Sv). This
is in contrast with the study of Hansen et al. (2001) who concluded there has been
a 20% reduction in baroclinic Faroe Bank overow transport since 1950. Olsen et al.
(2008) however addressed this disagreement by highlighting the need for both baroclinic
and barotropic pressure gradients when measuring overow transport. Away from the
overows, Sarafanov et al. (2009) extended earlier work by Bacon (1998) and Kieke and
Rhein (2006) to produce a timeseries of baroclinic DWBC transport variability along the
East Greenland slope. This timeseries shows decadal variability of order  2-2.5 Sv with
minima in the 1950s and mid-1990s, maxima in the early 1980s and mid to high values in
the 2000s. This baroclinic variability qualitatively agrees with measurements of absolute
transport based on ADCP (Sarafanov et al., 2009) and altimetry data (Sarafanov et al.,
2010a) and contributes  70% of the variability. Furthermore, variability of the ISOW
and DSOW is coherent, with ISOW contributing  60% of the signal. Although the
lack of trend is consistent with Olsen et al. (2008), decadal transport variability in the
Irminger Sea does not clearly correlate to variability at the overows (Olsen et al., 2008)
or Nordic Sea Winter severity (Sarafanov et al., 2009), as suggested by other studies
(e.g. Dickson et al., 1996; Bacon, 1998). This implies variability in entrainment uxChapter 4. Hydrographic Transports at 24.5N 191
at the overows, which account for  1/3 of the deep water formation, or a role for
Labrador Sea convection.
In this study, no signicant trend is discernible in deep water transport at 24.5N which
is consistent with an absence of trends in observations in the Irminger Sea and at the
Greenland-Scotland overows. However, given the uncertainty in deep water hydro-
graphic transports observations, longer term trends at 24N cannot be ruled out. Ev-
idence of decadal deep water transport variability at 24N consistent with records of
decadal DWBC variability in the Irminger Sea is not observed. If anything, evidence
has been presented for a multi-decadal and anti-correlated variability in the LNADW
and UNADW at 24N, with southward LNADW/UNADW transport stronger/weaker
by a few Sverdrups in the 1960s to 1980s versus the 1990s to 2000s (Figure 4.9). As
for transport trends however, the existence of DWBC decadal transport variability at
24.5N of a few Sverdrups in magnitude cannot be ruled out given the uncertainty in
deep water hydrographic transports observations.
Interestingly, whilst the phase of DWBC transport variability in the sub-polar lati-
tudes and at 24N is not obviously related, an anti-correlation between UNADW and
LNADW transport (see Section 4.3.1.4) has been described as a feature of high latitude
DWBC transport variability on decadal timescales. Sarafanov et al. (2009) note an
anti-correlation between decadal DWBC transport variability in the Irminger Sea and
LSW production (consistent with e.g. Koltermann et al., 1999; Marsh, 2000) which may
be an opposing response to NAO forcing (Dickson et al., 1996) or may be causative,
related perhaps to changes in sub-polar gyre extension and strength (e.g. Bersch et al.,
2007) or due to blocking of ISOW ow through the Charlie-Gibbs Fracture Zone by
enhanced LSW production, which can arrive there within a few years of formation (e.g.
Kieke and Rhein, 2006). This suggests that the signicant anti-correlation of UNADW
and LNADW transports seen at 24N could be a feature of decadal transport variability
which is coherent with, and driven by, transport changes at higher latitudes. This is
further supported by the decomposition of transport changes in potential temperature
classes presented in Section 4.3.2.2 which suggests that much of the compensation for
the reduction in LNADW (DSOW) transport from 1981-2010 occurred in the LSW,
consistent with sub-polar transport variability.
South of the Irminger Sea, an increase in DWBC transport at  53N in the Labrador192 Chapter 4. Hydrographic Transports at 24.5N
Sea from 1996-2003 has been observed, consistent with the increase observed in the
Irminger Sea since the mid-1990s (Sarafanov et al., 2009). Increased transport in the
2000s was also found by Han et al. (2010) at 56N, who imply a weak barotropic response
to the NAO via wind stress curl. How the temporal evolution of LSW transport relates
to total NADW transport and AMOC variability is not yet clear (Dengler et al., 2006).
Hakkinen and Rhines (2004) suggested declining sub-polar circulation in the 1990s is
driven by buoyancy forcing, though this is challenged by modelling studies emphasising
a role for wind-stress variability (Boening et al., 2006; Biastoch et al., 2008) and a recent
intensication in circulation (Dengler et al., 2006; Sarafanov et al., 2010b) despite low
net heat ux and weak deep convection in the Labrador Sea. Near the deep AMOC
limb exit of the Labrador Sea, Fischer et al. (2010) found no trend in transport for
the period 1997-2009 despite a warming trend of 0.05C/yr, somewhat consistent with
Schott et al. (2006) who found a similar warming trend since 2001 in the DWBC LSW
core at 43N, but no change in DWBC transport east of the Grand Banks from 1993-
2005. This conicts with ndings in this study of a monotonic increase/decrease in
southward transport of LSW/DSOW at 24.5N and an increase in southward ISOW
transport in the 2010 section. The detection limits of transport variability in potential
temperature classes using `snapshot' hydrographic sections are not dened here, but are
likely similar to those in depth classes, such that transport trends of a few Sverdrups in
magnitude are at the limit of detection.
It is emphasised that deep water transport variability observed in this study is marginally
signicant and that decadal variability of order  2-2.5 Sv in sub-polar DWBC transport
is at the limit of detection at 24.5N in one time hydrographic sections, even incorpo-
rating a seasonal correction. At present it remains an open question whether, and at
what timescales DWBC transport variability is coherent in the North Atlantic, and the
paradigm of the meridional overturning circulation operating like a simple conveyor belt
is being challenged in modern studies (Lozier et al., 2010). Studies of DWBC variability
at 26.5N based on moored instrument arrays east of the Bahamas (Lee et al., 1996;
Bryden et al., 2005a; Johns et al., 2008), that suer less from the sampling of unresolved
high frequency signals, are not compared with hydrographic transports in this study due
to unresolved oshore recirculation. It is noted however that moored observations show
a strong DWBC recirculation regime at 26.5N, and there is no reason to suppose that
the weakening of the LNADW seen in the 1998, 2004 and 2010 sections (which join theChapter 4. Hydrographic Transports at 24.5N 193
western boundary at 26.5N, two degrees north of the earlier sections) is an anomaly in
space rather than time.
4.4.2 Summary
In this chapter, decadal changes in transport determined from six hydrographic sections
spread over half a century at 24.5N have been assessed in the context of ve years of
Rapid-WATCH observations at similar latitudes. The main ndings are summarised
below.
 In 2010, the AMOC showed a return in strength to pre-2004 values of  17-
18 Sv. This is consistent with the mean AMOC strength observed by Rapid-
WATCH (2004-2009) and is due to a reduction in southward upper mid-ocean
gyre transport relative to the 2004 section. The absence of a trend in southward
upper-mid ocean transport, and in decadal timeseries of northward Ekman and
Florida Straits transports (Chapters 2 and 3), means that no signicant trend in
the strength of the AMOC's upper limb has been detected in the six hydrographic
sections.
 Decadal transport variability at all depths at 24.5N, as assessed using hydro-
graphic `snapshots', is dicult to discern from sub-annual eddy driven transport
variability at the western basin margin, as quantied in zonally-integrated Rapid-
WATCH observations and seen in the geostrophic velocity elds of the hydro-
graphic sections themselves. In the deep ocean, where short term transport vari-
ability is reduced, some marginally signicant evidence of weaker/stronger south-
ward transport of UNADW/LNADW in the 1957 and 1981 hydrographic sections
is observed, of order several Sverdrups. This incorporates a seasonal correction
derived from the Rapid-WATCH data, though a signicant reduction in LNADW
transport in the late 1990s and 2000s is seen without this being applied. Aliasing of
the seasonal cycle accounts for much of the strengthening trend seen in southward
upper-mid ocean transport prior to the 2010 section.
 In potential temperature classes, a monotonic decrease/increase in DSOW/LSW
transport is observed in the 1981 section data onwards, mainly due to changes in
the geostrophic velocity eld. This reinforces the notion that decadal changes seen194 Chapter 4. Hydrographic Transports at 24.5N
in UNADW/LNADW transport in depth classes may not simply result from the
aliasing of shorter term variability. In the main thermocline waters, an increase
in southward gyre recirculation in the 1998, but particularly 2004 section (of  5
Sv), is due to an increase in southward geostrophic velocity and a thickening of
the thermocline, but is not linked to interannual wind eld variability. It is not
yet possible to assess transport variability in potential temperature classes using
the Rapid-WATCH data.Chapter 5
Water Mass Observations from
Six 24.5N Hydrographic Sections
and Rapid-WATCH
5.1 Introduction
In January and February 2010, a sixth hydrographic section was completed across
24.5N, extending the decadal timeseries of hydrographic measurements available at
this latitude. Previous hydrographic sections were carried out in 1957 as part of the In-
ternational Geophysical Year (Fuglister, 1960), in 1981 (Roemmich and Wunsch, 1985),
in 1992 and 1998 during the World Ocean Circulation Experiment (Parrilla et al., 1994;
Baringer and Molinari, 1999), and in 2004 (Bryden et al., 2005b). Five years of contin-
uous observations of AMOC strength are also available at 26.5N made by the Rapid-
WATCH project since April 2004. Chapter 4 introduces these hydrographic sections and
the Rapid-WATCH data and presents a thorough comparison of transport variability in
the two datasets. It is concluded that transport variability of order several Sverdrups has
occurred at interannual and longer timescales in the deep ocean over the past fty years.
Motivated by these transport changes, this chapter investigates water mass changes in
the six hydrographic sections, with a focus on both the deep ocean and the DWBC. The
chapter begins with an assessment of the location and nature of the changes in water
mass properties, including a comparison with the sub-seasonal and seasonal property
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variability resolved by Rapid-WATCH. This is followed by an attempt to decompose
potential temperature and salinity variability on depth surfaces, to determine to what
extent changes in deep ocean water mass properties may explain the transport variability
observed in the hydrographic sections.
5.2 Results
5.2.1 Where are water mass changes observed?
To establish where the main water mass changes have occurred, salinity changes on po-
tential density surfaces in the six sections are initially considered. Changes on potential
density surfaces rather than depth levels is preferred initially as interpretation of the lat-
ter is complicated by processes such as isopycnal heave, particularly in the upper ocean
where strong property gradients occur (though this eect can be somewhat damped by
smoothing over several eddy length scales, e.g. Parrilla et al., 1994; Bryden et al., 1996).
Furthermore, water mass changes may be expected to occur through subduction and
mixing along isopycnal surfaces (Bryden et al., 1996). Figure 5.1 shows the dierence in
salinity on isopycnal surfaces between the 2010 section and the 1981 and 1998 sections.
Dierences between the 2010 section and all the earlier sections are shown in Figure
C.3. Potential temperature changes are not shown as on isopycnal surfaces these simply
mirror and compensate the distribution of changes in salinity. To compare the six hydro-
graphic sections, all datasets are bi-linearly interpolated onto climatological potential
density grids (1 and 4) computed using the Hydrobase 2 database (a seasonally av-
eraged hydrographic climatology, see http://www.whoi.edu/science/PO/hydrobase).
This approach assumes property linearity in space and also linearity of the equation of
state which is reasonable over small changes in potential density.
In the deep ocean, it is immediately apparent that on isopycnal surfaces the greatest
changes in water mass properties have occurred west of  65W approaching the western
margin (Figure 5.1). In this region waters have freshened on isopycnal surfaces by 0.01
to 0.02 over the past fty years (Figure C.3). These changes are particularly coherent
within the DSOW at 3000-5000 metre depth though fairly prominent as well within the
depth range of the ISOW and LSW (1500-3000 metres). At 26N, southward DWBC
ow is observed within  100 Km of the ocean margin at depths greater than 1000Chapter 5. Water Masses at 24.5N 197
metres (with a core located  50 Km oshore owing at  10-20 cm s 1), whilst diuse
northward recirculation is observed extending eastward away from the western boundary
for hundreds of kilometres (Chave et al., 1997; Bryden et al., 2005a; Johns et al., 2008).
The structure of the salinity changes observed here is therefore consistent with the
well established view that water masses formed in the high northern latitudes arrive at
24N in the DWBC and recirculate in its associated gyre. Throughout the section as a
whole, salinity changes on isopycnal surfaces maintain a broadly similar spatial structure
though with greater magnitude (relative to 2010) for the earlier sections. This indicates
that on isopycnal surfaces, water mass properties in the deep ocean (particularly at
depths > 2000 metres) have cooled and freshened more or less continuously from at
least 1957 through to 2010. The weaker multi-decadal cooling and freshening trends
observed east of the DWBC and its recirculation gyre seems consistent with the notion
that water masses rst arriving at 26N in the DWBC subsequently spread and dilute
throughout the rest of the deep subtropical ocean. This general circulation is seen in
the oxygen sections (Figure 4.3) where the youngest, highly oxygenated waters occur
in the DWBC and its recirculation gyre, before spreading (mixing and ageing) slowly
over time throughout the remainder of the basin. Interestingly, the lag in response
between the eastern and western basins, and the continuous cooling and freshening
observed in the eastern basin would suggest this remarkable trend in high latitude water
mass properties extends over a period greater than 50 years (though this interpretation
necessitates caution given a possible salinity bias may exist in the 1957 dataset, as noted
by Bryden et al., 1996, and discussed later).
In the upper ocean (shallower than  2000 metres) the observed changes do not show
obvious trends on isopycnal surfaces through time in the sections, though the location
of the changes seems to be somewhat consistent. Broadly, changes are zonally banded,
occurring coherently across the section in the surface ocean and main thermocline layers.
This is consistent with the upper ocean changes at 24N described by Curry et al. (2003)
who observed coherent changes in thermocline and intermediate water mass properties
related to both anthropogenic global warming and changes in NAO phase. In the inter-
mediate water layer, water mass changes are only coherent across either the eastern or
central and western basins where the Mediterranean Waters and Antarctic Intermediate
Waters respectively are found. The Mediterranean Waters, present east of  30W and
centred around  1000 m depth, show a general warming and salinication over time198 Chapter 5. Water Masses at 24.5N
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Figure 5.1: Salinity change on potential density surfaces for the 1981, 1998 and 2010
hydrographic sections; left column shows 1981 minus 2010, right column shows 1998
minus 2010. Upper plots are for the upper ocean using 1 density surfaces (salinity
contours are in 0.02 increments), lower plots are for the deep ocean using 4 density
surfaces (salinity contours are in 0.002 increments,  0.004 denotes uncertainty). Hy-
drographic data are linearly interpolated onto a climatological density grid calculated
using data from the Hydrobase 2 climatology (see text).
(Figure 5.1) consistent with other studies (e.g. Roether et al., 1996; Curry et al., 2003;
Potter and Lozier, 2004). The Antarctic Intermediate Waters, present west of  30W
and in the depth range  800-1000 m, are generally warmer and saltier than the 2010
section, consistent with expectations of a cooling and freshening over time (Curry et al.,
2003).
Upper ocean changes are not the focus of this chapter and most attention is paid to the
deep waters where signicant decadal transport changes may have occurred. Analysis
will concentrate mostly on the longitudinal band 77W-70W where the greatest water
mass changes are observed. Appendix C.2.1 includes a brief discussion of water mass
prole changes averaged over the longitudinal range 70W-23W, for comparison with
77W-70W. Although property trends over 70W-23W show changes in density and
dynamic height that dier from the DWBC region (77W-70W), these decadal changesChapter 5. Water Masses at 24.5N 199
are relatively small, and do not aect conclusions drawn later about zonally integrated
transport variability at 24N. The focus of this chapter is to relate observed changes in
water mass properties arriving in the DWBC to decadal transport changes across the
section.
5.2.2 Properties of water mass changes
Figure 5.2 shows -S properties averaged over the region 77W-70W in the main ther-
mocline, intermediate and deep waters. Focusing on the deep waters (Figure 5.2c) it
is clear that water mass changes have occurred throughout the upper and lower North
Atlantic Deep Waters and as expected a more or less continuous freshening and cool-
ing has occurred on potential density surfaces (4) from 1957 to 2010, as described
in the previous section. This is particularly evident in the DSOW and NAIW/ISOW
(1.8-2.5C and 2.5-3.2C potential temperature ranges respectively, Table 4.3) where a
clear monotonic cooling and freshening on density surfaces is evident with time in the
six hydrographic sections. In the LSW (3.2-4C) a broadly similar trend is apparent
though this is no longer monotonic due to the intertwining of the 1981 and 1992 curves,
and an apparent reversal of the recent cooling and freshening trend in the 2010 section.
No -S trends are evident in the SLSW (4-5C) whose water mass properties vary more
erratically over time. When overlaying -S curves from Rapid-WATCH observations in
this region (the average of moorings WB3 and WB5, explained in Section 5.2.3), sev-
eral of the hydrographic -S curves fall within the range of Rapid-WATCH variability,
whose range itself varies depending on the water mass of interest (Figure 5.2d). Rapid-
WATCH variability is notably enhanced in the SLSW and LSW (particularly salinity
on isopycnal surfaces), diminishing in the ISOW and DSOW. This will be addressed in
more detail later. It is clear however that water mass variability has occurred in the
DWBC that is outside the range of seasonal and sub-seasonal variability resolved by
Rapid-WATCH. This interannual or longer term water mass variability is particularly
evident in the DSOW.
Figure 5.3 shows proles of potential temperature and salinity changes on depth surfaces
averaged over the region 77W-70W for the six hydrographic sections, and sub-seasonal
and seasonal variability in this region quantied using Rapid-WATCH mooring data
(explained in Section 5.2.3). Whilst no trends in prole data are immediately evident200 Chapter 5. Water Masses at 24.5N
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Figure 5.2: -S plots of water mass properties averaged over the longitudinal range
77W-70W for the six hydrographic sections. Separate sections of the -S curve are
magnied, (a) the main thermocline, (b) the intermediate waters, (c) the upper and
lower North Atlantic Deep Waters, (d) as for (c) but with all twice daily Rapid-WATCH
proles (2004-2009) overlaid. The Rapid-WATCH proles shown are the average of
moorings WB3 and WB5 (see text). 1 and 4 potential density surfaces are also
shown for the upper/intermediate and deep waters respectively.
in the thermocline (upper 1000 metres), in the deeper ocean a general cooling and
freshening is seen over time outside the range of short term variability, consistent with
the general cooling and freshening on isopycnal surfaces seen in Figure 5.2c. However,
although the freshening trend is more or less monotonic throughout the deep ocean
(below 1500 metres), monotonic cooling in the deep ocean is less apparent which appears
the result of greater sub-seasonal and seasonal temperature variability in the UNADW.Chapter 5. Water Masses at 24.5N 201
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Figure 5.3: Potential temperature (left) and salinity change (right) on depth surfaces
for the six hydrographic sections averaged over the region 77W-70W. Changes are
shown relative to 2010 (thus for example, if salinity change is positive then a section was
saltier at that depth than in 2010). Dashed black lines show one std. dev. of property
variability on depth surfaces from de-trended Rapid-WATCH mooring data (2004-2009,
WB3 and WB5 averaged, see text). Note the change of x-axis scale between upper and
lower plots.
5.2.3 A decomposition of property changes on depth surfaces in the
DWBC
To better understand the property changes that have taken place over the region 77W-
70W, property changes on depth surfaces (Z-levels) are now considered in more detail.
Studying water mass changes on depth surfaces is a useful approach where water mass
changes may not have taken place along isopycnal surfaces (i.e. are not density com-
pensated). However, understanding property changes on Z-levels is not a trivial task as
variability is usually a combination of both changes in water mass properties and vertical
displacement of isopycnal surfaces (isopycnal heave) due to dynamic eects such as inter-
nal waves, changes in large scale circulation or changes in water mass renewal rates. This202 Chapter 5. Water Masses at 24.5N
is illustrated for example in Figure 5.3 for the LNADW (3000-5000m depths) where al-
though a cooling and freshening is observed over several decades, in the shallow LNADW
(3000-3500m) a cooling trend is less evident due to greater potential temperature vari-
ability associated with sub-seasonal and seasonal isopycnal heave at these depths (black
stippled lines). Decomposing property changes on depth surfaces into a component due
to water mass change and a component due to isopycnal heave is therefore necessary for
interpreting what processes are driving variations in the dynamic height eld and ocean
transports. In the next section, past approaches to decomposing property variability are
briey discussed, followed by an introduction to the approach taken by this study, which
takes advantage of Rapid-WATCH mooring data. The section after then applies this
approach to the hydrographic data. The eect of property changes on dynamic heights
and zonally integrated ocean transports is also assessed.
5.2.3.1 Decomposing temperature and salinity changes on depth or pressure
surfaces
Previous decompositions of property changes To decompose property changes
on depth levels, traditionally variability on depth levels is split into two components. The
rst is changes along the historic -S curve due to vertical movement of a constant water
mass structure, the second is changes along constant, locally dened density surfaces
(see, e.g. Arbic and Owens, 2001; Bryden et al., 1996). Bindo and McDougall (1994)
argue this separation of property variability on depth surfaces is a natural one, referring
to vertical displacement processes as `heave' and changes on neutral density surfaces as
changes in water mass properties. Following this approach, Cunningham et al. (2007)
decompose property changes on isobars at 24.5N at the eastern and western basin
margins using the 1957-2004 hydrographic sections described in this study. Formally:
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where
d'
dt jp is the rate of change of property ' on an isobar p,
d'
dt j is the rate of change of
' on the neutral density surface ,
dp
dtj is the rate of vertical displacement of the neutral
surface and
@'
@p is the vertical gradient of ' (assumed to be constant and therefore that
vertical displacements are small).Chapter 5. Water Masses at 24.5N 203
This approach assumes that water mass changes always occur along isopycnals and are
thus density compensated. However, if a water mass is formed with dierent densities
over time (as observed for example for LSW, Dickson et al., 2002; Yashayaev, 2007) or
if any changes in diapycnal mixing occur over time during the formation or transport
of a water mass, the density of a water mass downstream of its formation region would
also be expected to change over time. In such cases, Equation 5.1 will incorrectly
partition property changes between heave processes and water mass changes. Bindo
and McDougall (1994) account for this by decomposing water mass changes into `pure
warming' and `pure freshening' components, which allows for changes in density during
water mass formation. This decomposition is however contested by Bryden et al. (1996)
who ague that newly formed waters will intermix with existing waters of the same density
as they subduct into the interior, blurring the surface temperature or salinity anomaly
into compensating temperature and salinity anomalies on a density surface.
The decomposition approach used in this study (described below) chooses not to assume
that water mass changes occur along isopyncal surfaces and allows for the identication
of non-density compensated water mass changes. Ultimately however, no clear evidence
of non-density compensated water mass changes is found, validating the use of Equation
5.1 in decomposing water mass changes at 24.5N, as per Cunningham et al. (2007).
Decomposition of property changes in this study To illustrate the approach
used in this study for decomposing property changes on depth surfaces, and how this
approach diers from that of Equation 5.1, property changes are considered in -S space.
For illustrative purposes only, -S curves for the 1981 and 2010 hydrographic sections
averaged over 77W-70W in the potential temperature range of LSW are shown in
Figure 5.4.
The decomposition of property changes on depth levels described by Equation 5.1 as-
sumes that changes measured on depth levels are explained by the combination of water
mass changes on isopycnal surfaces and `heave' along the historical -S curve. This is
illustrated in -S space in Figure 5.4 for a change in properties on some depth level
from a in 1981 to c in 2010. Following equation 5.1, this comprises a change in water
mass properties along isopycnals (4 in this case) following 1 to reach point b, with the
remainder of the change comprising heave along the historical -S curve to get from b
to c.204 Chapter 5. Water Masses at 24.5N
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Figure 5.4: Figure illustrating the approach used for interpretation of potential tem-
perature and salinity changes in this study. See text for further explanation.
In this study, the magnitude of sub-seasonal heave along the -S curve on any depth
surface can also be assessed at the location of a Rapid-WATCH mooring through calcu-
lation of the standard deviation of potential temperature and salinity on the depth level
of interest. This is depicted in Figure 5.4 as 2 in red. The magnitude of sub-seasonal
variability on an isopycnal surface can also be assessed (3). Using this information, a
further decomposition can be applied to the data: If the change required to get from b
to c lies outside the range of sub-seasonal variability on Z-levels and -levels (2 and 3)
then to get from a to c either some longer term heave has taken place along the historic
-S curve (4 in green), or water mass properties have not changed along isopycnals (i.e.
have not changed in a density compensated fashion, 5 in green), or some combination
of the two has taken place. Following this approach it is therefore possible to detect
where non-density compensated water mass changes may have occurred. However, to
separate non-density compensated changes from longer term heave is more dicult. In
such situations it is also necessary to consider whether property changes observed in the
formation region of a water mass are the possible source of the change. The interpreta-
tion of changes observed at 26N in the context of other literature is considered in the
Discussion (Section 5.3.1).Chapter 5. Water Masses at 24.5N 205
This methodology could be applied to the interpretation of hydrographic section data
at any location where suitable mooring data is also available.
It is noted that because isopycnal heave does not change the -S properties of a column
of water, only water mass changes are observed in -S space. If a feature is present in
-S space that can be tracked over time (e.g. a salinity minimum) then the change in
water mass properties can be easily discerned. However, in the absence of features in
-S space that may be used to track the evolution of water mass properties (which is
true for example of Figure 5.2c and Figure 5.4 where temperature and salinity decrease
somewhat monotonically with depth on all curves), methods for decomposing property
changes on pressure levels are required, such as those described above.
5.2.3.2 A decomposition of the hydrographic data at 26N
Applying the decomposition Property changes are now considered averaged over
depth layers of interest in the longitudinal range 77W-70W on both depth and po-
tential density surfaces. Whilst the decomposition method described in the previous
section (and illustrated in Figure 5.4) was applied to a notional single depth level, the
approach remains valid when averaging property changes over the depth range of a water
mass of interest. For the purposes of this study, the application of the decomposition is
somewhat qualitative. Property changes on both depth and isopycnal surfaces are con-
sidered along with seasonal and sub-seasonal variability calculated from Rapid-WATCH
data, as shown in Figure 5.5. Where property changes over time on depth levels are
seen to diverge beyond the range of sub-seasonal variability from property changes on
potential density levels, then evidence of longer-term isopycnal heave or a non-density
compensated water mass change is said to have occurred (as described in the previous
section for Figure 5.4). The depth layers used in Figure 5.5 correspond to the potential
temperature classes given in Table 4.3. Changes in potential temperature and salinity on
depth and potential density levels in the thermocline, LSW, ISOW/NAIW and DSOW
relative to 2010 are shown as it is primarily the North Atlantic Deep Waters that are of
interest to this study.
For Figure 5.5, to obtain property changes on potential density surfaces for the hydro-
graphic sections, data were rst averaged longitudinally over the range 77W-70W to
get potential temperature and salinity proles on pressure surfaces. These pro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then linearly interpolated onto a common density grid (either 1 or 4) which itself was
created from the average of the 1981, 1992, 1998, 2004 and 2010 temperature and salin-
ity proles, before averaging over a depth range of interest. Note that neutral density
surfaces are not used here (as shown in Equation 5.1) though this is acceptable where
potential density surfaces close to the depth range of interest are used (Vaughan and
Molinari, 1997).
Error-bars in Figure 5.5 show  1 std. dev. of property variability in depth layers calcu-
lated from de-trended Rapid-WATCH mooring data (2004-2009). This is taken to rep-
resent the magnitude of sub-seasonal heave processes (as per Figure 5.4), which assumes
the magnitude of water mass changes in the de-trended data are relatively small. This
is reasonable at sub-seasonal timescales. To estimate sub-seasonal property variability
averaged over the range 77W-70W using Rapid-WATCH data, twice daily potential
temperature and salinity proles from moorings WB3 and WB5 were averaged together
on depth surfaces (these are located at  76.5W and 72W respectively, see Figure 4.2).
Averaging together potential temperature and salinity properties at these two locations
results in a set of potential temperature and salinity proles that show less variability
on depth levels over time than for either of WB3 and WB5. This is consistent with the
interpretation that most of the short term transport variability in the Rapid-WATCH
data (excluding the seasonal cycle) results from isopycnal heave associated with eddies
impinging on the western boundary (Kanzow et al., 2009) and that WB3 and WB5 are
separated by more than one eddy length scale. Note that WB2 is not included when
averaging as this occurs within one eddy length scale of WB3 and would bias the average
towards variability at the western margin and not the 77W-70W region as a whole.
It would be possible to compare variability at just WB3 or WB5 to potential tempera-
ture and salinity proles from the nearest station in each of the 6 hydrographic sections,
however this approach was discounted as the signal to noise ratio (i.e. long term vari-
ability relative to sub-seasonal variability) is strongly diminished for any single prole.
By similar logic it is also possible to argue for averaging the hydrographic data over
a larger longitudinal range to further enhance the signal to noise ratio. Indeed, Velez-
Belchi et al. (2010) use the 1957, 1981, 1992, 1998 and 2004 hydrographic sections to
demonstrate that decadal upper ocean temperature and salinity change averaged over
the central basin (70W-23W) is signicant relative to interannual variability quantied
using Argo oats. In this study however, by averaging over a wider longitudinal rangeChapter 5. Water Masses at 24.5N 207
in the deep ocean (outside the Argo oat depth range), no Rapid-WATCH mooring data
would be available over a large portion of the region of interest to quantify sub-seasonal
variability. Furthermore, in the deep ocean the signal of interest arriving from the high
latitudes diminishes away from the DWBC and its recirculation gyre (Figure 5.1). Av-
eraging over the region 77W-70W is seen as an optimal approach to this problem,
balancing enhanced signal to noise ratio with an ability to approximately quantify sea-
sonal and sub-seasonal property variability (noise). It is noted that the average of WB3
and WB5 is likely to exceed the actual short term property variability when averaged
over the whole 77W-70W region and thus forms an upper limit to the `true' short term
property variability when discussed below.
Transport changes associated with property changes In addition to the de-
composition of property changes presented in Figure 5.5, changes in dynamic height and
transport associated with these changes are shown in Figure 5.6. Transport changes are
calculated following the approach of Longworth (2007) where the the contribution of
western boundary hydrographic variability to zonally integrated basin-wide transport is
isolated. For two western boundary hydrographic proles, one taken in 2010 and the
other taken some other year (yr), the change in the western boundary transport per
unit depth prole referenced to Pr is given by:
x(vyr   vr)   x(v2010   vr) = (D2010   Dyr)=f; (5.2)
where the RHS is integrated over depth layers of interest to give layer transport anomalies
and:
D =
Z P
Pr
 dp

=g (5.3)
where D is dynamic height in metres, g = 9.81 ms 2, and a reference level of 1000 me-
tres is used in the DWBC region. It is emphasised that the baroclinic transport changes
shown in Figure 5.6 are calculated using dynamic height changes only in the depth layer
of interest, e.g. for DSOW transport changes, the dynamic height of all other layers is
kept constant (i.e.
R 4700
3000  dp=g). If dynamic height anomalies are calculated integrating
over the full water column (and referenced to 1000 metres), larger transport changes208 Chapter 5. Water Masses at 24.5N
are observed at depth (of order several Sverdrups) however this variability is barotropic
in nature resulting from unresolved (and likely compensating, Bryden et al., 2009) ref-
erence level velocity changes and thus is not an informative approach. This barotropic
variability cannot explain the velocity shear observed at depth between dierent water
mass layers (for example the reduction in LNADW transport in the later hydrographic
sections, see Chapter 4), which is of chief interest to this study. This is addressed in the
Discussion (Section 5.3.2).
Decomposition Results Figure 5.5 shows that several interesting water mass changes
have taken place over time, averaged over the depth range of water masses of interest to
this study. A description and interpretation of these changes is now carried out follow-
ing the decomposition approach discussed above. Further discussion is then provided in
Section 5.3.
In the DSOW (Figure 5.5, bottom panels), a continuous decadal cooling and freshening
has clearly taken place on Z-levels outside the range of sub-seasonal variability. These
changes are closely comparable to the changes that have occurred on isopycnal surfaces
with deviations between cooling and freshening trends on Z-levels and isopycnal surfaces
accounted for by sub-seasonal variability. Evidence of long-term isopycnal heave or non-
density compensated water mass change is not therefore apparent. The long term trend
in DSOW water mass properties appears to be mostly density compensated. Deviations
from this density compensated trend are associated with small dynamic height and
transport anomalies (less than 0.5 cm and 1 Sv respectively, Figure 5.6).
In the ISOW (Figure 5.5, lower middle panels), a continuous decadal freshening has
also clearly taken place on Z-levels outside the range of sub-seasonal variability, however
no signicant cooling trend can be discerned. On isopycnal surfaces, a cooling and
freshening trend is observed and deviations from this trend on depth surfaces fall within
 1 std. dev. of short term variability except in 1992. Similar to DSOW, no evidence of
long-term isopycnal heave or non-density compensated water mass change is therefore
apparent. In 1992, ISOW could have been denser than at present or some longer term
heave may have taken place, though in 1992 dynamic height changes for the ISOW
layer fall comfortably within 2 std. dev. of sub-seasonal variability (Figure 5.6) such
that longer term changes cannot be identied with high condence. For the 1957 and
1981 sections, sub-seasonal variability on Z-levels (heave) leads to conditions that areChapter 5. Water Masses at 24.5N 209
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Figure 5.5: A decomposition of potential temperature (left) and salinity (right)
changes in 4 depth layers for the six hydrographic sections averaged over 77W-70W.
Changes are shown relative to 2010. Blue denotes changes on depth surfaces and red
denotes changes on potential density surfaces (1/4 for upper/lower 2 depth layers)
averaged over the depth layer of interest. Error-bars denote  1 std. dev. of prop-
erty variability in equivalent depth layers calculated from de-trended Rapid-WATCH
mooring data (2004-2009, WB3 and WB5 averaged, see text).210 Chapter 5. Water Masses at 24.5N
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Figure 5.6: Changes in dynamic height (cm) and transport (Sv) in 4 depth layers for
the water mass property changes shown in Figure 5.5). Dynamic height changes are
referenced to 1000 metres. Only dynamic height in the layer of interest is allowed to
vary (see text). Error-bars denote  1 std. dev. of property variability in equivalent
depth layers calculated from de-trended Rapid-WATCH mooring data (2004-2009, WB3
and WB5 averaged, see text).Chapter 5. Water Masses at 24.5N 211
generally colder and fresher than changes on isopycnal surfaces. This is seen in the
dynamic height and transport anomalies where in 1957 and 1981, negative dynamic
height and transport anomalies are observed close to the limits of short term variability
(Figure 5.6). As for DSOW, transport anomalies associated with property variability in
the ISOW layer are small (less than 0.5 Sv).
In the LSW (Figure 5.5, upper middle panels), results similar to the ISOW are observed.
A continuous decadal freshening is clearly evident on Z-levels outside the range of sub-
seasonal variability, whilst no signicant cooling trend can be discerned. On isopycnal
surfaces a cooling and freshening trend is observed, with deviations from this trend on
depth surfaces falling within  2 std. dev. of sub-seasonal variability, though the 1957
and 1992 sections lie outside  1 std. dev. As for ISOW, no clear evidence of long-term
isopycnal heave or non-density compensated water mass change is therefore apparent. In
1957 and 1992, LSW could have been denser than at present or some longer term heave
may have taken place, particularly in the 1957 section where changes in dynamic height
are signicant relative to 2010 beyond 2 std. dev. of shorter term variability (Figure
5.6). For the earlier three sections however, it seems most likely that sub-seasonal
variability on Z-levels (heave) leads to conditions that are generally colder and fresher
than changes on isopycnal surfaces (particularly relative to 1998 where properties on
Z-levels are warmer and saltier than on isopycnal surfaces), resulting in small (less than
1 Sv) but negative decadal dynamic height and transport anomalies in the 1957, 1981
and 1992 sections. It is nally noted that a long term cooling and freshening trend on
isopycnal surfaces in the LSW seems to have paused or even reversed in the 2010 section.
In the thermocline (Figure 5.5, top panels), potential temperature and salinity variability
on depth levels is much larger than that on isopycnal surfaces suggesting most property
variability in the upper ocean arises due to heave processes. This is expected in the
upper ocean where vertical potential temperature and salinity gradients are large, such
that the magnitude of heave related property changes greatly exceeds the magnitude of
water mass changes. It is noted that in the 1981 and 2004 sections, both temperature
and salinity anomalies on depth surfaces dier from those on isopycnal surfaces beyond
the range of sub-seasonal variability (heave) and from each other by over 2 std. dev.
This would suggest that longer term heave process are also discernible at the western
margin (77W-70W) beyond the range of sub-seasonal variability, which will result in212 Chapter 5. Water Masses at 24.5N
basin-wide transport anomalies of order several Sverdrups if not compensated elsewhere
in the section (Figure 5.6).
It is emphasised that assessing the nature of longer term water mass changes and their
transport eects in one time hydrographic sections is not straightforward. Whilst this
has been attempted here using 5 years of mooring data to quantify short term variabil-
ity, only marginal evidence of non-density compensated water mass changes has been
observed in the LSW and ISOW. Further evaluation of the results and methodology is
discussed below. The extent to which longer term water mass changes in the DWBC
are density compensated (and their eect on mid-ocean transports) would be well-worth
appraising in datasets with more frequent sampling (e.g. those used by Vaughan and
Molinari, 1997; Molinari et al., 1998; Longworth, 2007) or in the growing Rapid-WATCH
dataset.
5.3 Discussion and summary
5.3.1 Interpreting observed water mass changes
This study has shown that in the DWBC and its recirculation gyre, DSOW arriving
at 24N has been cooling and freshening in a primarily density compensated fashion
for more than half a century. These cooling and freshening trends are consistent with
observations of DSOW properties at higher latitudes (e.g. Dickson et al., 2002; Curry
et al., 2003; IPCC, 2007) though of smaller magnitude at 24N. Similar to DSOW, the
ISOW has also freshened more or less continuously for more than 50 years, and no clear
evidence of non-density compensated water mass changes is found. This is consistent
with similar trends observed for the DSOW and ISOW at the Greenland-Scotland Ridge
overows, and in the Labrador and Irminger Seas (Dickson et al., 2002). Cooling trends
on isopycnals are reduced to around 30-50% of the magnitude of trends reported in
the DWBC of the sub-polar gyre, perhaps the result of mixing along diuse, mid-ocean
pathways identied south and east of the Grand Banks before arriving at 24N (Bower
et al., 2009). The magnitude of the cooling is slightly smaller in the ISOW than in the
DSOW (0.015 versus 0.021 from 1957 to 2010). This is consistent with its lower oxygen
levels which highlight its longer transit time and greater mixing before arrival at 24N
(Fine, 1995).Chapter 5. Water Masses at 24.5N 213
This study suggests that LSW has broadly cooled and freshened on isopycnals since
1957, with the 2010 section signaling an apparent reversal in this trend back towards
warmer and saltier conditions. Prior to the mid-1990s, denser LSW may also have been
periodically present in the section, notably in 1957. Linking LSW changes observed at
24N with those at higher latitudes is not entirely straightforward. From the mid-1980s
to late-1990s a new fresh, cold and dense water was produced in the central Labrador
Sea (e.g. Dickson et al., 2002; IPCC, 2007; Yashayaev, 2007) which rst arrived at 24N
in 1994 with a transit-time of  10 years (Molinari et al., 1998). Whilst the hydro-
graphic data show that colder and fresher water continued to arrive at 24N between
1998 and 2004 (consistent with central Labrador Sea waters reaching their coolest and
freshest observed values in the mid-1990s), changes in dynamic height (density) have
proved dicult to detect at 24N outside the range of sub-seasonal variability (Figure
5.6). Furthermore, whilst the increased temperature and salinity in the 2010 section is
consistent with a return to warmer and saltier conditions in the central Labrador Sea
in the late 1990s, again no signicant associated change in dynamic height can be de-
tected at 24N. Conversely, in the late 1930s and early 1940s, sea water in the central
Labrador Sea was in a salty, cold and dense state which is consistent with the denser
waters detected at 24N in the 1957 section (Dickson et al., 1996).
It is reiterated that salinities in the 1957 section data may be biased high by 0.004 to
0.006 (Bryden et al., 1996, see also Figure C.4). If this is the case, then some of the results
for NADW may be somewhat erroneous. This would primarily aect the interpretation
of changes in LSW. In the 1957 section, LSW appears colder, saltier by 0.005, and
denser relative to the 1981 data. If there is a salinity bias of around  0.005 then the
properties of 1981 and 1957 LSW are actually very similar, thus the 1957 LSW cannot
be considered anomalously dense, and cooling and freshening of LSW on isopycnals at
24N has mostly taken place in the mid-1990s and early 2000s. Furthermore, in the
DSOW and ISOW, the freshening observed in the deep ocean would not have been as
steady as Figure 5.5 suggests and would instead have accelerated since 1980. This in turn
may be an expression of an acceleration of the Earth's hydrological cycle in response to
climate change (Curry et al., 2003; Helm et al., 2010), though at high latitudes changes
in salinity may not yet exceed natural variability (e.g. Pardaens et al., 2008; Stott et al.,
2008).
Whilst the decomposition approach used in this study can potentially detect non-density214 Chapter 5. Water Masses at 24.5N
compensated changes in water mass properties or longer term heave processes (Section
5.2.3), little evidence of such processes has been found in the NADW within the detec-
tion limits used. It is not unreasonable to expect non-density compensated changes in
water mass properties at  26N. Vaughan and Molinari (1997) decomposed a ten year
timeseries of hydrographic sections (1984-1993) in the DWBC at 26.5N to identify inter-
annual cooling (amongst other changes) in LSW, potentially linked to a period of active
deep water renewal in the 1970s in the central Labrador Sea. Furthermore, density and
dynamic height in the central Labrador Sea are observed to change on decadal timescales
as new water masses are formed (Dickson et al., 1996, 2002; Yashayaev, 2007) whilst the
strength of the AMOC itself is expected to change in response to high latitude buoyancy
uxes in both the Labrador and GIN seas (e.g. Gregory et al., 2005). AMOC variability
on decadal timescales has been strongly linked to the intensity of deep winter convection
and formation rate of LSW, governed by local heat uxes and changes in atmospheric
conditions associated with the NAO (e.g. Hakkinen, 1999; Eden and Willebrand, 2001;
Getzla et al., 2005; Boening et al., 2006; Biastoch et al., 2008). Although such decadal
changes in water mass density are likely to occur in the western boundary at 24N (and
have been observed at interannual timescales, Vaughan and Molinari, 1997) this study
suggests their eect on the dynamic height of the water column falls within the range
of sub-seasonal variability (heave) averaged across the DWBC making them dicult to
detect in one time hydrographic sections. It is noted that the marginally signicant
evidence of a denser LSW in the 1992 hydrographic section is in part evidence of the
pure cooling of LSW at 24N from 1991-1993 described by Vaughan and Molinari (1997)
and that interannual water mass dynamic height variability exceeding sub-seasonal and
seasonal variability does periodically occur.
The error-bars used in this study (Figures 5.5 and 5.6) are considered an upper estimate
of -S variability averaged across the 77W-70W region. Should they prove to be
an underestimate then the above conclusions are not really aected except that even
larger decadal changes in water mass properties (and associated transport anomalies)
on pressure surfaces could potentially be obscured by shorter term variability. Should the
error-bars be a sizeable overestimate then evidence of non-density compensated water
mass changes may have been obscured. However, the interpretation of NADW property
changes in this study is consistent with changes observed closer to the source regions
of these water masses which gives condence in the error-bars used. Furthermore, std.Chapter 5. Water Masses at 24.5N 215
dev. of potential temperature on 1 surfaces compares favourably with that found by
Vaughan and Molinari (1997) over the range 77W-74W (within 50%, i.e. a similar
order of magnitude).
At all depth levels of interest to this study, potential temperature and salinity variability
on pressure surfaces exceeds that on isopycnals in the Rapid-WATCH data (Figure
5.5), suggesting that on sub-seasonal to seasonal timescales, changes on Z-levels are
dominantly `heave' related. This assumption was made as part of the decomposition
approach used in this study. It is noted however that the dierence in salinity variability
on Z-levels and -levels is relatively small, particularly in the LSW, where red errorbars
denoting short-term variability on isopycnal surfaces are not negligible (this can also be
seen in Figure 5.2). As would be expected, power spectra of this variability (not shown)
possess a red spectrum and most power is observed approaching interannual periods
which is consistent with the variability observed by Vaughan and Molinari (1997) at
the western boundary from 1984-1993. Whilst this does not aect the interpretation
of the results, it does mean that decadal water mass changes observed on isopycnal
surfaces may be partly obscured by interannual variability. For example, the apparent
cessation of the decadal cooling and freshening trend seen on isopycnal surfaces in the
LSW between 1981 and 1992 may not necessarily represent a pause in the multi-decadal
trend, but instead might be due to shorter term mass variability arriving at 24N in the
DWBC. Interannual LSW property variability has been observed in the outow from
the Labrador Sea (e.g. Schott et al., 2006; Fischer et al., 2010) it may be this is not
entirely mixed away before reaching 24N.
5.3.2 Relating DWBC property changes to observed transport changes
This study has shown that transport changes associated with water mass variability
and heave processes averaged across the DWBC and its recirculation gyre (77W-70W)
are small in comparison with the zonally integrated transport variability discussed in
Sections 4.3.1 and 4.3.2 (compare Figures 4.9 and 5.6). However, the `baroclinic' trans-
port anomalies calculated here only allow dynamic height in the layer of interest to
vary, thus if dynamic height changes are coherent between depth levels, some greater
`baroclinic' transport variability may occur. Such coherent changes may be expected for
water masses of similar origin such as ISOW and DSOW (e.g. Dickson et al., 2002). For216 Chapter 5. Water Masses at 24.5N
example, a freshening of order 0.01 in the NADW (seen e.g. in the ISOW and DSOW
between 1980 and 2010) would lead to transport changes of  5 Sv in the NADW (Long-
worth, 2007), much larger than the  1 Sv changes described here. However, because
the decadal water mass property changes seen here appear largely density compensated
this eect will not be prominent. Whilst heave averaged over the region 77W-70W is
often coherent between adjacent water mass layers such that greater transport variabil-
ity may occur in individual water mass layers than shown in Figure 5.6, the principal
role of heave processes adjacent to the western boundary ( 77W-76W) for generating
changes in DWBC transport (as described in Sections 4.3.1 and 4.3.2) is now discussed.
Figure 5.7 compares dynamic height anomaly proles averaged over the region 77W-
70W, and dynamic height proles constructed by merging mid-ocean hydrographic
stations adjacent to the western margin (e.g. if the western most mid-ocean station
extends from the surface to 200 metre depth, this is then merged with data deeper than
200 metres from the next station east, this appending process is continued until a single
full depth hydrographic prole is obtained extending from the surface to 5000 metre
depth adjacent to the western margin). A reference level of 1000 m is assumed in this
region, consistent with the calculation of transports in Chapter 4. Anomaly proles are
shown with respect to the 2010 section. Figure 5.7a shows that dynamic height anomaly
prole variability averaged over 77W-70W is rst-mode baroclinic in structure. This
can result in transport anomalies of several Sverdrups in the LNADW (referenced to
1000 m) which is not seen in Figure 5.6 where only dynamic height variations in the
layer of interest were used. A main conclusion of Chapter 4 however was a > 5 Sv
decrease in LNADW transport across the six hydrographic sections, signicant outside
the range of short term transport variability. Figure 5.7b shows this change in velocity
shear clearly occurs close to the western basin margin, and is not seen in dynamic height
anomaly proles averaged over the wider DWBC recirculation region. This is consistent
with the cumulative transport proles discussed in Section 4.3.1.5 of Chapter 4 and
emphasises the importance of observing heave processes adjacent to the basin margin
when assessing long term transport changes.
Whilst water mass changes have been mostly discounted here as a source of signicant
transport variability, it is noted that where marginal evidence of non-density compen-
sated water mass changes was detected in the hydrographic sections (Section 5.3.1), this
could result in transport anomalies of several Sverdrups in the NADW if dynamic heightChapter 5. Water Masses at 24.5N 217
−15 −10 −5 0 5 10
0
1000
2000
3000
4000
5000
6000
D
e
p
t
h
 
(
m
)
Dynamic Height Anomaly (cm)
 
 
1957
1981
1992
1998
2004
−15 −10 −5 0 5 10
0
1000
2000
3000
4000
5000
6000
D
e
p
t
h
 
(
m
)
Dynamic Height Anomaly (cm)
(a)
(b)
Figure 5.7: Dynamic height anomaly proles (cm) for the six hydrographic sections,
with respect to the 2010 section; (a) for proles averaged over the region 77W-70W,
(b) for merged proles at the western boundary (see text). A reference level of 1000 m
is assumed in the region of the DWBC and its recirculation gyre, consistent with the
calculation of transports in Chapter 4.
variations integrated over the whole deep ocean water column are considered. In the
1992 hydrographic section, some evidence of denser LSW and ISOW was found. The ef-
fect of this on the dynamic height eld is seen in Figure 5.7a, where in the 1992 dynamic
height anomaly prole, density anomalies in the UNADW (1000-3000 m) appear large
enough to prevent a clear rst-mode baroclinic structure emerging, as seen in the 1981,
1998 and 2004 sections (with respect to 2010). The curious structure of the 1957 section
is not discussed further because of a possible salinity bias in the data (Section 5.3.1).
The principal mechanism for decadal transport changes observed in the NADW however218 Chapter 5. Water Masses at 24.5N
remains heave processes adjacent to the western margin and not changes in water mass
properties.
The communication of water mass changes between the high and low latitudes occurs at
advective timescales which are generally several years in duration. Stramma et al. (2004)
described an advective lag of order 4 years between the overows and 43N whilst a ten
year advection time between the Labrador Sea and 24.5N was observed by Molinari et al.
(1998). Similar advective timescales are observed in this study. In the 2010 hydrographic
section, a cessation of the cooling and freshening trend seen in LSW is consistent with the
warming and salinication observed in the Labrador Sea in the late 1990s (Yashayaev,
2007) and the ten year advection time proposed by Molinari et al. (1998). Furthermore,
since the mid-1990s, ISOW has salinied and warmed at the Rejkjanes Ridge and the
cooling and freshening of DSOW has stopped (Sarafanov et al., 2010b). Consistent
with Stramma et al. (2004), this overow signal appears to have reached the Irminger
and Labrador Seas with an  4-5 year advective timescale (Sarafanov et al., 2010b,
2007). Combining this 4-5 year timescale with the approximately ten year advective
timescale observed between the Labrador Sea and 24.5N, the advective timescale from
the overows to 24.5N should be of order 15 years. The continued cooling and freshening
of ISOW and DSOW water in the 2010 hydrographic section is consistent with this
timescale, however a warming and salinication of these waters would be expected in
the next few years. Whilst the 40 year freshening of the North Atlantic Deep Waters
has been ascribed to increased precipitation, ice melt and river discharge to the Arctic
(Curry et al., 2003), this reverse in trend is thought to be an NAO driven change in the
contribution of subpolar/subtropical water to entrainment south of the Iceland-Scotland
ridge (Sarafanov et al., 2010b).
As discussed above, in this study long-term transport changes in the LNADW cannot be
explained by the advection of new water masses into the section via the DWBC. Similar
results have been presented by Schott et al. (2006) and Fischer et al. (2010) who nd
that in the sub-polar latitudes, DWBC ow remains unchanged during the advection of
interannual and decadal temperature changes related to Labrador Sea convection. As
transport changes in the sub-tropical latitudes do not reect the arrival of new water
mass properties from sub-polar latitudes, it remains an open question on what timescales
transport variability is coherent throughout the North Atlantic. It remains possible
that changes in the formation rate of deep water at high latitudes (usually associatedChapter 5. Water Masses at 24.5N 219
with changes in water mass properties themselves) could be communicated to the low
latitudes at advective timescales of order several years (e.g. Hawkins and Sutton, 2008).
However, several model studies have suggested that faster adjustment mechanisms such
as boundary wave processes (Johnson and Marshall, 2002; Getzla et al., 2005) may
operate in the North Atlantic. In this case, interannual and decadal transport changes
in the sub-tropical latitudes may be expected to match those at sub-polar latitudes
with little lag. Some studies suggest an advective timescale of adjustment in the sub-
polar latitudes, with rapid wave-driven adjustment in the sub-tropical latitudes (e.g.
Koehl and Stammer, 2008; Zhang, 2010). In models, the rapid communication aorded
by wave mechanisms between high and low latitudes can lead to latitudinally coherent
AMOC anomalies at decadal timescales (e.g. Bingham et al., 2007; Biastoch et al., 2008).
In Chapter 4 it was concluded that NADW transport changes observed at 24.5N in
the hydrographic sections cannot be related to decadal transport changes reported in
the sub-polar latitudes (albeit only a limited number of high latitude studies exist),
regardless of time-lag, and thus cannot provide information on the propagation time of
transport signals between high and low latitudes. This Chapter however has emphasised
that NADW transport changes occur within a hundred kilometres of the western basin
margin which is comparable to the rst baroclinic Rossby radius of deformation at this
latitude, of order  50 kilometres (Chelton et al., 1998). This is characteristic of the
structure of a baroclinic boundary Kelvin wave which decays away from the coast on
a scale given by the Rossby radius. The observations therefore support model studies
which suggest that a rapid boundary-wave driven adjustment to changes in high latitude
deep water transport may occur in the sub-tropical latitudes.
5.3.3 Summary
In this chapter, decadal changes in water mass properties determined from six hydro-
graphic sections spread over half a century at 24.5N have been assessed. This anal-
ysis has mainly concentrated on the DWBC and its recirculation gyre (dened here
as 77W-70W) and longer term changes have been considered in the context of ve
years of moored Rapid-WATCH observations at similar latitudes. The main ndings are
summarised below.220 Chapter 5. Water Masses at 24.5N
 In the DWBC and its recirculation gyre, water mass property changes are observed
which are qualitatively consistent with decadal changes observed in the North At-
lantic deep water formation regions. Similar changes on isopycnal surfaces are seen
spreading across the rest of the mid-ocean section, though smaller in magnitude.
In the upper ocean, warmest and saltiest conditions occur in the 1998 section
averaged across the mid-ocean.
 A mooring based approach was used to decompose water mass changes observed
in the hydrographic sections. Applying this method in the region 77W-70W,
decadal water mass changes are interpreted as primarily density compensated with
any remaining variability on pressure surfaces within the range of sub-seasonal and
seasonal isopycnal heave. Some interannual, non-density compensated water mass
variability may have occurred in the LSW, resulting in mid-ocean NADW transport
anomalies of several Sverdrups.
 Mid-ocean baroclinic transport changes associated with water mass variability and
isopycnal heave averaged across the DWBC and its recirculation gyre as a whole
(77W-70W) are relatively small and are unable to account for decadal trans-
port changes of more than 5 Sverdrups observed in the LNADW. Isopycnal heave
adjacent to the western boundary associated with boundary-wave processes are
inferred as the likely cause.Chapter 6
Summary and Conclusions
The Atlantic Meridional Overturning Circulation and its variability has received consid-
erable attention, motivated by its central role in the global overturning circulation, its
large transport of heat to high northern latitudes, its role in palaeoclimate variability,
and concerns over the stability of the AMOC in response to anthropogenic greenhouse
gas emissions. Due to the sparse nature of AMOC observations, the extent, magnitude
and origin of AMOC variability at almost every timescale is uncertain. Since 2004, the
dedicated Rapid-WATCH survey programme has started to address this gap in our un-
derstanding of ocean circulation, providing continuous measurements of the state of the
AMOC since 2004.
This study set out to improve understanding of ongoing measurements of AMOC vari-
ability made by Rapid-WATCH, and where possible provide context for the 5 year
timeseries presently available. This has been achieved in two main ways. The rst ap-
proach was to investigate multi-decadal timeseries of Ekman, Sverdrup and Gulf Stream
transport variability at 26N. Ekman and Gulf Stream transport timeseries are used
directly by Rapid-WATCH to assess AMOC strength, while Sverdrup transport may
provide a constraint on mid-ocean transport variability, the third component of Rapid-
WATCH, as measured by moored arrays at the ocean margins and the Mid-Atlantic
Ridge. The second approach was to assess changes in the AMOC and its components
over the past fty years, motivated by a sixth occupation of the 24N section in 2010 and
the availability of Rapid-WATCH data to quantify seasonal and sub-seasonal variability.
221222 Chapter 6. Summary
Over the course of this study, the Rapid-WATCH timeseries has grown from 21
2 to over 5
years, and will eventually reach ten years in 2014 when funding for the current scientic
programme is due to end. As the timeseries has grown, the timescales of variability of
interest to Rapid-WATCH have grown too and several complementary studies, including
the work presented here, have begun unravelling AMOC variability at 26N. A summary
of our present understanding of AMOC variability is presented in Figure 6.1 and Tables
6.1 and 6.2, with an emphasis on work carried out in this study. Figure 6.1 is based on
Figure 8 of Kanzow et al. (2010) (see Figure 1.12), which is the most recent published
analysis of observed AMOC variability at 26N based on the April 2004-April 2008
Rapid-WATCH dataset. Figure 6.1 updates and annotates that of Kanzow et al. (2010)
to provide the most up to date picture of observed AMOC variability at 26N (including
the 5-year 2004-2009 Rapid-WATCH dataset), and to illustrate how work in this study
has contributed to our understanding.
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Figure 6.1: Power spectra for AMOC strength at 26N and transport components
of the upper AMOC limb based on the approach of Rapid-WATCH. These are Gulf
Stream transport, Ekman transport zonally integrated across 26N and upper mid-
ocean transport. Power spectra are based on twice daily AMOC and upper mid-ocean
transports measured by Rapid-WATCH (April 2004-April 2009, 10-day low-pass), daily
Gulf Stream transports from cable observations (April 1982-December 2009), daily
Ekman transports from QuikSCAT (July 1999-December 2008) and monthly Ekman
transports from the NOC v1.1 climatology (1980-2005). The Ekman power spectra
is based on QuikSCAT observations at periods < 60 days and NOC observations at
periods > 60 days. Dotted lines denote power estimates outside the range of the
transport timeseries used here, which are suggested based on results from this and
other studies. Numbers emphasise frequency bands in which transport variability for
the dierent timeseries can be partially explained, based on results from this and other
studies. The colour of each number denotes which timeseries it is aliated to. The key
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The investigation of Ekman, Sverdrup and Gulf Stream transport timeseries has proved
useful in two ways. The rst is to help explain the sub-seasonal and seasonal variability
already observed by Rapid-WATCH, the second is to provide a look ahead as to what
sort of variability Rapid-WATCH can expect in the future. For the Gulf Stream, sub-
seasonal variability has been shown to be of mostly internal ocean origin with no clear
relationship to surface forcing, whilst the seasonal cycle is set by regional meridional
wind stress and possesses a smooth annual cycle. For Ekman transport, sub-seasonal
and interannual variability is largely related to uctuations of the Azores high, in part
related to the NAO, whilst the seasonal cycle has no clear annual or semi-annual peri-
odicity, partly due to a node in seasonal wind stress close to 26N (Jayne and Marotzke,
2001). The combined seasonal cycles of Gulf Stream and Ekman transport result in an
AMOC seasonal maximum in summer, however on a year to year basis each of these
seasonal cycles is often obscured by the stochastic internal variability of the ocean and
atmosphere. Eddy variability at the western boundary of the Rapid-WATCH mid-ocean
section (Kanzow et al., 2009) is also of comparable magnitude to the mid-ocean seasonal
cycle (Kanzow et al., 2010), as demonstrated by the loss of a clear seasonal signal in
the 5th year of Rapid data despite a clear seasonal signal at the eastern margin in the
same year. It seems reasonable to predict that in the growing Rapid-WATCH dataset,
the AMOC seasonal signal will be transient in nature, sometimes obscured by stochastic
variability. It is noted that the Sverdrup transport seasonal cycle at 26N possesses
a dominant semi-annual periodicity that is persistent from year to year, however this
is not seen in Rapid-WATCH measurements due to barotropic compensation at these
timescales.
Looking beyond the seasonal cycle, Ekman transport interannual variability is small
relative to that of the Gulf Stream and should make an increasingly small contribution
to AMOC variability as Rapid-WATCH resolves longer term signals. On interannual
and longer timescales the Gulf Stream is thought to adjust to wind stress curl over
the mid-ocean (DiNezio et al., 2009). It seems reasonable to assume that on similar
timescales the upper mid-ocean transport measured by Rapid-WATCH will begin to
resolve variability of comparable magnitude to that of the Gulf Stream, in the sense that
both are related to wind stress curl. At interannual timescales, timeseries of Sverdrup
transport show variability of several Sverdrups in magnitude, in part related to NAO
driven sea level pressure variability in the centre and west of the 26N section. In the226 Chapter 6. Summary
past, interannual Sverdrup transport variability has exceeded that of the Gulf Stream,
suggesting Gulf Stream variability only fully adjusts to mid-ocean variability at longer
timescales, consistent with other studies (Anderson and Corry, 1985b). At interannual
periods, AMOC variability of order several Sverdrups may therefore occur as a response
to NAO forcing. In 2010 the NAO approached an extreme negative state and it will
be interesting to see if the response of the southward upper mid ocean transport and
AMOC strength measured by Rapid-WATCH is an increase and decrease respectively
of several Sverdrups, as suggested based on past observations.
An investigation of the six full hydrographic sections now available at 24N has in part
reiterated the value of the Rapid-WATCH approach for detecting changes in AMOC
strength. In the six hydrographic sections, interannual and decadal transport variability
at 24N cannot be separated at any depth with high condence from short term variabil-
ity (as measured by Rapid-WATCH), despite the removal of seasonal sampling biases.
Given decadal and multi-decadal changes in NAO state and hydrographic conditions
in the Labrador and Nordic Seas over the past fty years, it is reasonable to suppose
longer term AMOC changes have occurred over this period of order several Sverdrups,
as suggested by model studies (e.g. Eden and Willebrand, 2001; Gregory et al., 2005;
Stouer et al., 2006; Boening et al., 2006; Latif et al., 2006; Biastoch et al., 2008; Koehl
and Stammer, 2008). The necessity of dedicated long term survey networks such as
Rapid-WATCH for condently detecting such long term changes in AMOC strength is
therefore clear, particularly any weakening of the AMOC as predicted in response to
future climate change (IPCC, 2007) which is likely to have widespread climatic impacts
(Vellinga and Wood, 2002).
The investigation of the six 24N hydrographic sections has provided some indication of
past decadal changes in the AMOC's mid-ocean components, and the sort of mid-ocean
variability Rapid-WATCH can expect in the future. In the deep ocean the hydrographic
sections suggest a weakening of the LNADW and strengthening of the UNDAW of order
several Sverdrups has occurred over time, with transports in the 1957 and 1981 sec-
tions outside one standard deviation of Rapid-WATCH variability. These signals can be
traced to variability in DSOW and LSW, which are two of the water masses expected
to communicate changes in deep water formation and AMOC strength to the low lati-
tudes. Given the available observational data, it is unlikely that a full record of decadal
changes in AMOC strength will be condently reproduced over the past century, eitherChapter 6. Summary 227
at 26N (Longworth, 2007) or throughout the North Atlantic (IPCC, 2007) although
observational indices oer some hope (Latif et al., 2006). The value of the hydrographic
record at 24N to Rapid-WATCH is the demonstration that changes in the lower limb
of the AMOC of several Sverdrups are likely to have occurred, motivating the ongoing
observations of AMOC strength by Rapid-WATCH. Ongoing decadal changes in NAO
state and in the water mass properties of the Labrador Sea (Yashayaev, 2007) and at
the Greenland-Scotland overows (Sarafanov et al., 2010b) suggest decadal transport
changes as observed in the past are likely to continue in the near future.
Whilst Rapid-WATCH observations oer excellent temporal sampling at 26N, an ad-
vantage of hydrographic observations is their high resolution spatial sampling, and the
spatial context they can provide for observed transport changes. Over the past fty
years, changes in water mass properties observed in the deep water formation regions
have continued to arrive and spread at 24N with the DWBC their primary conduit,
despite recent suggestions of interior-ocean pathways at the DWBC exit of the sub-polar
gyre (Bower et al., 2009). The decadal water mass changes are largely density compen-
sated and longer term changes seen in DWBC transport occur at the western boundary
at 26N, indicative of a boundary wave signal and consistent with model studies (John-
son and Marshall, 2002; Getzla et al., 2005; Zhang, 2010). If further changes in DWBC
transport of several Sverdrups occur in the future, it seems likely these will occur close
to the western boundary, which deep water dynamic height Rapid-WATCH moorings
are well placed to detect.
At present, Rapid-WATCH is estimated to resolve year-to-year AMOC changes of 1.4
Sv and decade-to-decade changes of 0.6 Sv (Kanzow et al., 2009). Based on past ob-
servations of the interannual and decadal variability of the AMOC and its components
presented in this study of order several Sverdrups, the Rapid-WATCH system should be
capable of detecting future interannual and decadal transport changes. This is especially
true in the deep ocean where eddy driven transport variability at the western margin is
reduced, and in the LNADW where seasonal transport variability is small. To further
enhance the long term signal to noise ratio, there appears to be no reason not to remove
short term variability that is well understood. Whilst the nature of mid-ocean and Gulf
Stream variability is not yet fully understood, sub-seasonal Ekman transport variability
and its barotropic compensation seems a likely candidate for future removal from the228 Chapter 6. Summary
Rapid-WATCH signal for assisting trend detection. As a caveat to this suggestion how-
ever, Bryden et al. (2009) found that bottom pressure measurements did not provide
satisfactory evidence of barotropic Ekman transport compensation and the removal of
sub-seasonal Ekman transport variability from the Rapid-WATCH seasonal should not
be attempted until this is explicitly demonstrated.
The removal of sub-seasonal noise from the Rapid-WATCH signal is application de-
pendent. Meridional heat transport variability at 26N at sub-seasonal and seasonal
timescales has been shown to be highly correlated with AMOC variability (Johns et al.,
2011) and in the low latitudes the meridional divergence of advective meridional heat
transport nearly balances upper-ocean heat storage on seasonal timescales (Jayne and
Marotzke, 2001). Changes in upper-ocean heat storage are likely to have regional cli-
mate impacts where heat is released to the atmoshpere. Whilst it is decadal changes
in the AMOC that are likely to have the most widespread impacts, the understanding
of shorter term AMOC uctuations is still of relevance to regional climate studies. At
sub-seasonal and seasonal timescale, gaps still exist in our present understanding of vari-
ability at 26N, as illustrated in Figure 6.1, particularly the source, nature and scale of
mid-ocean and Gulf Stream transport variability. Investigations into sub-tropical heat
content changes and their connection to the 26N AMOC signal is an initiative that is
presently being undertaken as part of Rapid-WATCH, and should help further constrain
these processes.
The detection of interannual and decadal AMOC changes in response to high latitude
buoyancy forcing remains a central goal of Rapid-WATCH. Much of the sub-seasonal
to seasonal variability is likely to de-correlate on latitudinal scales of  100-1000 Km
(Hirschi et al., 2007; Kanzow et al., 2010), however longer term variability is more likely
to be coherent at gyre or basin scales. Basin scale changes are predicted as a response to
anthropogenic greenhouse emissions (Gregory et al., 2005) and an AMOC response to
wind forcing on gyre scales has also been suggested (Eden and Willebrand, 2001; Lozier
et al., 2010; Hakkinen et al., 2011). Given the importance of the AMOC to global
climate and the present deciencies of model simulations (Stouer et al., 2006), it is
essential that an observation network be maintained beyond the present 2014 lifespan of
Rapid-WATCH at 26N, supplemented by observations at other latitudes to assess the
coherence and origins of AMOC changes, particularly in the North Atlantic sub-polar
gyre downstream of the Greenland-Scotland overows. Current meter observations ofChapter 6. Summary 229
DWBC strength o the Grand Banks and at the exit of the Labrador Sea oer one
such approach (e.g. Schott et al., 2006; Fischer et al., 2010), another is the coupling
of altimetric and hydrographic observations which has been used to measure the upper
AMOC limb in the northern subtropical gyre (Willis, 2010), and DWBC strength in
the Labrador Sea (Han et al., 2010) and o Cape Farewell (Sarafanov et al., 2010a).
Measurements of only western boundary DWBC strength may however be complicated
by unresolved recirculations (Bryden et al., 2005a) and other pathways for high latitude
signals (Bower et al., 2009). If the scientic community is intent on detecting and
understanding future basin-scale AMOC changes, further dedicated survey networks
akin to that of Rapid-WATCH must be developed.
6.1 Conclusions
The Atlantic Meridional Overturning Circulation and its variability has received consid-
erable attention, motivated by its major role in the global climate system. Observations
of AMOC strength at 26N made by Rapid-WATCH provide our best current estimate
of the state of the AMOC. This study aimed to improve understanding of ongoing mea-
surements of AMOC variability made by Rapid-WATCH, and provide context for the 5
year timeseries presently available. The Rapid-WATCH system combines Gulf Stream,
mid-ocean and zonally integrated Ekman transport observations at 26N to measure
AMOC strength. The Gulf Stream is found to possess a smooth annual cycle set by
regional meridional wind stress, which is obscured on a year to year basis by internal
ocean variability. Ekman transport possesses no dominant annual or semi-annual period-
icity, and the seasonal cycle is obscured on a year to year basis by internal atmospheric
variability largely related to uctuations of the Azores high and the NAO. Sverdrup
transport shows a dominant semi-annual periodicity which is strongly persistent from
year to year but not seen in Rapid-WATCH measurements due to barotropic adjustment
at these timescales. At interannual timescales, Sverdrup transport variability estimated
from wind stress climatologies is found to exceed that of Gulf Stream variability, sug-
gesting AMOC uctuations of several Sverdrups have occurred over the past 30 years,
partly related to the NAO. At decadal timescales, six hydrographic sections spread over
half a century show that high latitude deep water mass changes have consistently spread
to 24N, with the DWBC their principal conduit into the 24N section. Decadal changes230 Chapter 6. Summary
in deep water transport of several Sverdrups are observed balanced by dynamic height
changes close to the western boundary whilst water mass changes are largely density
compensated. Over the coming years, Rapid-WATCH is well placed to detect interan-
nual and longer term changes in the AMOC and its components which are likely to be
several Sverdrups in magnitude, though the seasonal signal observed in the rst 4 years
of Rapid-WATCH data may be periodically obscured by other stochastic short term
variability. An extension of the current 10 year lifespan of the Rapid-WATCH array
would be highly desirable, supplemented by the development of other dedicated AMOC
observing programmes to assess the coherency of longer term changes, particularly be-
tween the sub-tropical and sub-polar latitudes.Appendix A
Attempts to Relate Florida
Current Transport Variability to
North Atlantic Wind Stress
Variability at Periods of 60-720
Days
A.1 Introduction
The Florida Straits transport timeseries shows signicant power at most periods > 5
days with discernible peaks at annual and semi-annual frequencies. Approximately 50%
of the variance exists at periods longer than 60 days and around one third of the variance
lies in the period band 60-720 days (std. dev. of 1.9 Sv) excluding the seasonal cycle
(std. dev. 0.8 Sv). The power spectra is nearly continuous (with signicant energy at
almost all frequencies) and possesses no prominent peaks, indicating the Florida Straits
transport is chiey driven by randomly timed events. To understand Florida Current
variability further it is therefore necessary to unpick changes in transport in a variety of
dierent frequency bands.
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At annual and sub-annual timescales, several links have been made between the Florida
Current and both local and remote wind forcing (e.g. Schott and Zantopp, 1985; Leaman
et al., 1987; Schott et al., 1988; Lee and Williams, 1988; Mayer and Weisberg, 1993) in
general agreement with model results (e.g. Anderson and Corry, 1985b; Rosenfeld et al.,
1989; Greatbatch and Goulding, 1989; Boning et al., 1991; Fanning et al., 1994; Great-
batch et al., 1995). Much of the literature has concentrated on sub-monthly variability
and the seasonal cycle however no studies have specically addressed variability at sub-
seasonal to sub-interannual timescales which are also of relevance to Rapid-WATCH.
In the past this was partly due to a Florida Current transport timeseries too short to
reliably address variability at these periods. This is no longer the case and there is no
reason to assume that similar relationships cannot now be found between Florida Straits
transport and the wind eld on these longer timescales.
This Appendix summarises an investigation into the relationship between Florida Straits
transport variability and North Atlantic wind stress variability at periods of 60-720 days.
This is carried out using the 1982-2007 Florida Current transport timeseries and the
monthly NCEP-NCAR, NOC and QuikSCAT wind stress climatologies introduced in
Chapter 2. This investigation applies a variety of analytical techniques that have the
potential to uncover any relationships that may exist. These are described in Sections
A.3, A.4 and A.5 and focus on uncovering linear relationships between the wind eld
and Florida Straits transport related to regional forcing and wave propagation that have
been described in other studies (e.g. Anderson and Corry, 1985b). Despite there being
good reason to suspect that the wind eld may inuence Florida Straits transport on
sub-seasonal to sub-interannual timescales these eorts ultimately prove unsuccessful,
prompting an investigation into the eects of internal ocean variability which is presented
in Chapter 2.
A.2 NCEP, NOC and QuikSCAT in the North Atlantic
In subsequent sections of this Appendix, analysis will mostly concentrate on results
using the NCEP-NCAR climatology. However, it is noted that spatial coherence be-
tween NCEP-NCAR, NOC v1.1 and QuikSCAT climatologies varies substantially in
the North Atlantic. This is illustrated in Figures A.1, A.2 and A.3 where zonal wind
stress, meridional wind stress and wind stress curl elds are compared over the NorthAppendix A. Gulf Stream Variability and Winds 233
Atlantic domain. Generally, zonal and meridional wind stress elds are better correlated
than wind stress curl, calculations of which act to amplify dierences in the wind stress
elds. NCEP-NCAR and QuikSCAT are more closely correlated due to assimilation of
QuikSCAT data into the NCEP-NCAR product, although correlations with QuikSCAT
are sharply reduced in the tropical latitudes where data are less reliable due to high rain-
fall. Correlations between NOC v1.1 and NCEP-NCAR or NOC v1.1 and QuikSCAT
show a dened spatial structure, with a band of higher correlation orientated approx-
imately NE-SW between Europe/North Africa and North America/Caribbean. This
is partly due to greater random uncertainty in the NOC climatology associated with
reduced sampling outside the major North Atlantic shipping lanes (see also Chapter
3, Figure 3.8). Because of this variable coherence between climatologies in the North
Atlantic, analyses comparing Florida Straits transport variability with wind stress vari-
ability are repeated for all three wind products to give condence in the results presented
in the following sections. Similar results are generally observed for each climatology, and
any signicant dierences are also outlined below. Note that a detailed comparison of
climatology properties at 26N is presented in Chapter 3.
A.3 Cross-covariance analysis
A.3.1 Cross-covariance with seasonal cycles
To isolate 60-720 day variability in the Florida Current transport, the monthly time
series is de-trended and high-pass ltered at 24-month period using a 5th order band-
pass lter. This same procedure is then applied to each grid point in the NCEP wind
stress climatology. The un-biased normalised cross covariance function is then calcu-
lated between the Florida Current time-series and time-series of meridional and zonal
wind stress and wind stress curl over the North Atlantic. Figure A.4 shows the cross-
covariance function between the Florida Current and meridional wind stress for lags at
monthly intervals beginning at 6 months (where wind stress leads Florida Current trans-
port variability) over the period 1982-1997. Negative lags are not shown because the
focus of this investigation is on wind stress driving Florida Current variability. Analysis
is restricted to the period 1982-1997 to avoid calculation over the gap in the Florida
Current cable transport record from 1998-2000.234 Appendix A. Gulf Stream Variability and Winds
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Figure A.1: Correlation (left) and RMS dierence between seasonal cycles (right) in
the North Atlantic for the monthly NCEP-NCAR and NOC v1.1 climatologies (1980-
2005). The NCEP-NCAR climatology is bi-linearly interpolated onto the NOC v1.1
grid. Before correlations are calculated, data rst have linear trends and seasonal cycles
removed and are high-pass ltered at 24-month period. Seasonal cycles are calculated
using simple monthly means. Taux and Tauy refer to zonal and meridional wind stress
respectively (N m 2) and Curl refers to wind stress curl (N m 3). Correlation contours
are given at 0.1 intervals, Taux and Tauy RMS dierence contours are at 0.005 intervals,
Curl RMS dierence contours are at 0.25 x 10 7 intervals, bathymetric contours are
shown at 500, 2000 and 4000 metres.Appendix A. Gulf Stream Variability and Winds 235
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Figure A.2: As for Figure A.1 except using the NCEP-NCAR and QuikSCAT cli-
matologies (2000-2007). The NCEP-NCAR climatology is bi-linearly interpolated onto
the QuikSCAT grid.
Figure A.4 shows that at various lags, values of normalised covariance can approach
 0.5 across broad regions of the North Atlantic. The signicance of these patterns in
highlighting source regions for 60-720 day Florida Current variability is however doubtful
and high co-variance appears mostly attributable to seasonal variability. This is high-
lighted by high values observed in a broad band across the equatorial North Atlantic, a
region in which no previous physical link to Florida Current variability has been identi-
ed. The reason for these high values is a co-variance between the strong seasonal cycle
that dominates equatorial wind stress variability and the weak seasonal cycle within the236 Appendix A. Gulf Stream Variability and Winds
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Figure A.3: As for Figure A.1 except using the NOC v1.1 and QuikSCAT clima-
tologies (2000-2005). The NOC v1.1 climatology is bi-linearly interpolated onto the
QuikSCAT grid.
Florida Current time-series. Figure A.4 also shows high co-variance with meridional
wind stress in the region local to and downstream of Florida Straits (and also the Gulf
of Mexico) at lags of one and zero months, which is not seen in co-variance plots for
zonal wind stress and wind stress curl. This highlights the similar seasonal cycles of
the Florida Current and regional meridional wind stress which is addressed in detail in
Chapter 2 and is physically meaningful. The cross-covariance analysis is also repeated
over dierent 8-year intervals of the Florida Current time-series to see if spots of high
co-variance move spatially with time, however no clear evidence of this is seen. ThereAppendix A. Gulf Stream Variability and Winds 237
is therefore also no clear suggestion of a change in forcing region of the Florida Current
seasonal cycle over time, again consistent with the more detailed analysis of the Florida
Straits seasonal cycle presented in Chapter 2.
A.3.2 Cross-covariance without seasonal cycles
To remove co-variance attributable to the seasonal cycle, the analysis of Section A.3.1
is repeated with the mean seasonal cycle removed from both the Florida Current and
NCEP-NCAR time series (this approach is also followed in all subsequent sections of this
Appendix). Seasonal cycles are calculated as simple monthly means and subtracted from
the timeseries of interest. The cross-covariance function between the Florida Current and
wind stress elds with mean seasonal cycles removed is shown in Figure A.5. Normalised
cross-covariance values are reduced relative to the case when seasonal cycles are not
removed (Figure A.4) and are generally less than  0.25, with coherence widespread over
broad regions of the North Atlantic. Patches of high-covariance that may intimate a link
between sub-annual Florida Current variability and wind-stress in particular regions of
the North Atlantic are not clear and probably do not exist. If wind stress variability
does play a signicant role in driving Florida Current transport variability, this would
suggest that Florida Current variability at 60-720 day periods is instead composed of
signals from various sources, though a signicant role for buoyancy driven forcing or
internal ocean variability cannot be discounted. This result appears robust when cross-
covariance analysis is extended to lags up to 24 months.
Both NCEP-NCAR and NOC show similar features in the cross-covariance analysis
(for the period 1982-1997), whilst QuikSCAT shows slightly higher correlations (up to
 0.3-0.4 in patches) but no clear evidence of forcing regions that can be obviously
linked to Florida Straits variability. Note that QuikSCAT correlations are done over a
dierent and shorter period (2000-2007) beginning after the 1998-2000 gap in the Florida
Straits cable transport timeseries. Condence intervals are not addressed in detail as
maps of integral timescales over the North Atlantic reveal small values throughout the
domain due to the predominance of high frequency signals in wind stress timeseries (once
seasonal cycles are removed). The same is true of the Florida Straits timeseries, thus all
cross-covariance statistical analyses presented here have several-tens (QuikSCAT), if not238 Appendix A. Gulf Stream Variability and Winds
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Figure A.4: Cross-covariance between monthly Florida Current transport and NCEP
wind stress in the sub-tropical North Atlantic (1982-1997). Timeseries are detrended
and high-pass ltered at 24-month period. Lags are shown up to 6 months, where wind
stress leads Florida Current transport variability. Columns from left to right show zonal
wind stress (Taux), meridional wind stress (Tauy) and wind stress curl. Bathymetric
contours are shown at 500, 2000 and 4000 metres.Appendix A. Gulf Stream Variability and Winds 239
hundreds (NCEP-NCAR and NOC), of degrees of freedom and are judged statistically
signicant.
To test whether sub-annual Florida Current variability shows a stronger relationship
to North Atlantic wind-stress at more specic frequency ranges, the cross-covariance
analysis is repeated for Florida Current and NCEP-NCAR time series ltered using
narrower frequency bands. The lters used are 12-month high-pass, 4-month high-
pass and 4-12 month band-pass. The 12-month high-pass lter produces low values of
normalised co-variance and results similar in character to those seen in Figure A.5 using
a 24-month high-pass lter. However, the spatial distribution of co-variance at various
lags diers completely from those shown in Figure A.5, which reiterates the physical
insignicance of patterns associated with such small co-variance values.
Cross-covariance analysis of the 4-month high-pass and particularly the 4-12 month
band-pass time-series does produce larger normalised co-variance values of around 
0.5. Similar to the previous co-variance analysis however, diculty is encountered try-
ing to attach physical meaning to the erratic shifting patterns of co-variance produced at
dierent lags by this type of analysis. Many of the highest co-variance values are found
in equatorial or high-latitude regions remote to the Florida Straits possessing no tradi-
tional association with Florida Current variability at these timescales. By narrowing the
frequency range for analysis, values of co-variance that are seemingly insignicant seem
to increase, creating striking but ultimately meaningless patterns of co-variance. The
need for a sceptical and critical eye is thus emphasised for analyses of this type which
rely on a `shing' approach to nd possible links between dierent elds.
Some physical meaning may underly this type of analysis. Some patterns in Figure
A.5 include high values along the North American continental shelf, a region previously
associated with seasonal Florida Current variability (Anderson and Corry, 1985b; Great-
batch and Goulding, 1989; Fanning et al., 1994). Regional wind-stress forcing signicant
to sub-annual Florida Current variability could therefore be hidden within vaguely cor-
related synoptic scale North Atlantic variability. This idea is briey investigated for two
wind-stress curl co-variance patterns produced in the 4-12 month band-pass analysis
with plausible physical links to Florida Current variability. The rst is a patch of high
covariance observed at 8 month lag east of the Florida Straits that could force Florida
Current variability via westward propagating baroclinic waves which impinge on the240 Appendix A. Gulf Stream Variability and Winds
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Figure A.5: As for Figure A.4 except with seasonal cycles removed prior to calculation
of co-variance. Seasonal cycles are calculated using a simple monthly mean.Appendix A. Gulf Stream Variability and Winds 241
continental shelf. The second is high covariance downstream of the Florida Straits at 4
month lag which could force variability via the boundary waves envisaged by Anderson
and Corry (1985a). Taking into account lag, the ltered time series of the Florida Cur-
rent and wind stress curl averaged over these regions show some interesting overlapping
features. The largest negative Florida Current transport anomaly (in the period range
4-12 months) over the period 1982-1998 occurs in late 1985 and is preceded 8 months
earlier by the most extreme negative wind stress curl anomaly over this period in the
region east of Florida Straits. Similarly, a large oscillation seen in Florida Current trans-
port during 1989 is preceded 4 months earlier by a large oscillation in wind stress curl
in the region downstream of Florida Straits.
These wind-stress curl `events' in regions with physically plausible connections to the
Florida Current may be entirely coincidental but highlight the possibility that 60-720 day
period Florida Current variability is composed of signals from a variety of remote and lo-
cal sources. This is tested further using a composite analysis to investigate whether the
largest sub-annual uctuations in the Florida Current could be attributable to wind-
stress uctuations in particular regions. The cross co-variance approach used in this
Section has not revealed any convincing wind stress `hot-spots' that could force a sub-
stantial portion of Florida Current variability.
A.4 Composite analysis and individual events
A.4.1 Composite analysis
A composite analysis is conducted to investigate whether the larger 60-720 day period
uctuations in the Florida Current transport show any coherent relationship to North
Atlantic wind-stress. Initially the full monthly Florida Current time series (de-trended,
minus average seasonal cycle, high-pass ltered at 24-months) from 1982-2007 is consid-
ered. NCEP monthly wind stress in the western subtropical North Atlantic (where time
series at each NCEP grid point are also de-trended, seasonal cycle removed and high-pass
ltered at 24-months) is averaged at times when Florida Current transport anomalies
exceed either plus one or minus one standard deviation (see Figure A.6). The results
are shown in Figure A.7. Largest values are seen along and east of the North American
coastline, particularly for zonal wind stress and wind stress curl. However, the higher242 Appendix A. Gulf Stream Variability and Winds
values in the northern half of the domain are simply indicative of generally greater wind
stress variability in the higher latitudes (Figure A.8) which results in larger `residual'
values when the wind eld is averaged at eectively random moments in time. This is
conrmed through closer investigation of wind stress variability at coastal and oshore
grid points which show larger values in the composite plots and could feasibly be related
to Florida Current transport variability through processes such as fast barotropic wave
propagation (Anderson and Corry, 1985b). No coherent relationships are seen between
Florida Current transport and any of the grid point timeseries investigated (not shown),
i.e. either large positive or large negative anomalies in Florida Current transport and
the wind stress elds do not consistently coincide.
1985 1990 1995 2000 2005
−6
−4
−2
0
2
4
6
T
r
a
n
s
p
o
r
t
 
(
S
v
)
Figure A.6: Monthly timeseries of Florida Current transport anomaly, linearly de-
trended, high-pass ltered at 24-month period and with mean seasonal cycle removed.
Crosses denote monthly mean values that exceed  1 standard deviation that are used
for the composite analysis described in Section A.4.
For Figure A.8, wind stress variability in the NCEP, NOC and QuikSCAT datasets
compare favourably (albeit calculated over dierent periods) though some discrepancies
exist. Discrepancies include: a band of high NOC variability in the eastern subtropical
Atlantic that is likely the result of greater sampling uncertainty; high QuikSCAT vari-
ability in the tropics that is due to errors associated with high rainfall; high variability
over the Gulf Stream extension that is not well detected by the NCEP and NOC datasets
(Risien and Chelton, 2008). A more thorough comparison of these datasets is presented
elsewhere in this study.
To remove the contamination in the composite results associated with regions of greater
wind stress variability, the composite analysis is repeated following normalisation of
variability at each wind stress grid point by its own standard deviation. The results of
this (Figure A.9) show that composites are less obviously skewed toward the northernAppendix A. Gulf Stream Variability and Winds 243
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Figure A.7: Composites of surface monthly NCEP wind stress elds averaged in the
western subtropical North Atlantic at times when Florida Current transport (shown
in Figure A.6) exceeds either +1 or  1 standard deviation (see text). Composites for
zonal wind stress (top row), meridional wind stress (middle row) and wind stress curl
(bottom row) are shown for  1 std. dev. (left column) and +1 std. dev. (right column).
Bathymetric contours are shown at 500, 2000 and 4000 metres.244 Appendix A. Gulf Stream Variability and Winds
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Figure A.8: Standard deviation of surface zonal wind stress (left column), meridional
wind stress (centre column) and wind stress curl (right column) for the NCEP-NCAR
1980-2007 (top row), NOC v1.1 1980-2005 (middle row) and QuikSCAT 2000-2007 (bot-
tom row) climatologies in the subtropical North Atlantic. Note that surface elds have
been linearly de-trended, high-pass ltered at 24-month period and had the seasonal
cycle removed at each grid point prior to calculation of standard deviation.
half of the domain than in Figure A.7. However, no evidence is seen in the composites
of any particular region that can be directly related to large events in Florida Current
transport and comparable composite magnitudes are seen throughout the domain. The
composite images seem to represent random sampling of large scale and synoptic atmo-
spheric variability. Furthermore, positive and negative standard deviation composites
do not mirror each other, which might be expected if the Florida Current transport
responds linearly to the wind eld.
Repeating the analysis over a wider North Atlantic domain or over smaller time periods
(1982-1989, 1990-1998 and 2001-2007) yields no improvement in the results. Composite
images produced using the NOC (1982-2005) and QuikSCAT (2000-2007) climatologiesAppendix A. Gulf Stream Variability and Winds 245
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Figure A.9: As for Figure A.7, except surface stress wind elds are normalised at each
grid point by their standard deviation prior to calculation of composites (see text).246 Appendix A. Gulf Stream Variability and Winds
also yields similar results. Overall, this composite analysis shows that the larger 60-
720 day period transport anomalies in the Florida Current possess no clear links to
wind stress variability. This suggests that even the largest 60-720 day anomalies in the
Florida Current transport timeseries may lack a coherent origin and may be stochastic,
comprising a variety of sources.
The limitations of this method should be noted. Firstly, this analysis implicitly assumes
that wind stress forcing dominates Florida Current variability at these timescales, but
a coherent and dominant role for buoyancy forcing or internal ocean variability cannot
be discounted. Secondly, the method cannot detect any lagged response of large 60-720
day period Florida Current transport anomalies to coherent anomalies in the wind stress
eld and as such only fast-barotropic signals or forcing local to the Florida Straits will
be detected. This is felt reasonable as at sub-annual timescales, barotropic and regional
forcing has been shown to be important for Florida Current variability (e.g. Anderson
and Corry, 1985a,b).
A.4.2 Individual events
The previous analysis suggests that 60-720 day period transport variability in the Florida
Current is stochastic. To see if any wind-stress role could be identied for individual
transport anomalies in the Florida Current, two large magnitude multi-month events in
the record are considered in more detail. The events occurred in late 1989-early 1990 and
late 2004-early 2005 (see Figure A.6), both showing a transition from large positive to
large negative transport anomalies over the course of 8-9 months. However, in both cases
plots of wind stress over the North Atlantic reveal no anomalous behaviour coincident
with the extremes in Florida Current transport (not shown).
As discussed above, this form of analysis does not clearly highlight Florida Current
variability associated with slower wind-driven baroclinic signals, or Florida Current
variability associated with buoyancy forcing or internal ocean variability. However, if
wind driven barotropic variability is signicant, this analysis shows that even individual
Florida Current transport anomalies cannot be readily linked to North Atlantic wind
stress anomalies in any particular region and could instead represent a complex integral
of barotropic signals from a range of sources (e.g. wind-stress `integrated' over the entire
North American continental shelf downstream of the Florid Straits).Appendix A. Gulf Stream Variability and Winds 247
A.5 EOF analysis and the NAO in the subtropical Atlantic
In the following section, `EOF' refers to the spatial patterns that result from doing an
EOF (Empirical Orthogonal Function) analysis, whilst `PC' (or `principal component')
refers to the corresponding `temporal' patterns (or timeseries). The rst four EOF modes
are calculated for NCEP wind stress (linearly de-trended, high-pass ltered at 24-month
period and seasonal cycle removed at each grid point) over the western subtropical North
Atlantic and centred locally over the Florida Straits. Cross-covariance is then calculated
between the EOF principal components and the Florida Current transport time-series
(also linearly de-trended, high-pass ltered at 24-months and with mean seasonal cycle
removed) at lags up to 6 months to establish if any relationship exists between the Florida
Current and the dominant modes of atmospheric variability in these regions. Similar to
the composite analysis, EOF analysis is carried out for wind stress elds both with and
without normalisation of individual grid point timeseries by their standard deviations
to account for generally greater variability and EOF `bias' toward high latitudes. The
dierences between these approaches are illustrated in Figures A.10 and A.11, where the
EOF `bias' toward high latitudes is evident in the latter.
For both regions and using both normalised and non-normalised approaches, no EOFs
exhibit a signicant relationship with the Florida Current transport (Figures A.10-A.13).
Cross-covariances of EOF principal components with the Florida Current transport time-
series show no correlation coecients exceeding  0.25. Repeating this EOF analysis
for the region upstream of the Florida Straits (centred on the Caribbean Sea), cross-
covariance values also remain low. Given that no individual EOF mode dominates wind
stress variance (explaining > 50% variance), it is perhaps unsurprising that the Florida
Current transport does not correlate with any particular mode of atmospheric variabil-
ity. Generally similar results are seen for NCEP (1982-1997), NOC (1982-1997) and
QuikSCAT (2000-2007), with EOFs of meridional and zonal wind stress in reasonable
agreement. For wind stress curl, EOFs 1-4 explain a smaller percentage of total variance
on the ner climatology grids.
In general, EOF analysis shows that in the western subtropical Atlantic the dominant
patterns of zonal wind stress variability are east-west banded, extending over the North
American shelf and showing signicant correlation with the NAO (particularly EOF1
with r  0.4). This is not the case for meridional wind stress where in the region248 Appendix A. Gulf Stream Variability and Winds
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Figure A.10: EOFs 1-4 for NCEP monthly meridional wind stress (1982-1997) in
the western subtropical North Atlantic. Wind stress at each grid point is linearly
de-trended, has a seasonal cycle removed and is high-pass ltered at 24-month period.
Wind stress timeseries at each grid point are subsequently normalised by their standard
deviation prior to EOF calculation. After calculation, the spatial component of each
EOF is multiplied by the standard deviation of its associated principal component
timeseries, such that the EOF plots shown indicate the spatial magnitude of each EOF.
The total variance explained by each EOF is given, as is the correlation of each principal
component with the NAO index (r).
immediately downstream and east of the Florida Straits, variability shows little relation
to the NAO. This is consistent with correlation and regression maps of wind stress on
the NAO (Figure 2.17) which show only faint projection of NAO activity on meridional
wind stress (and wind stress curl) in the southwest subtropical North Atlantic for all
climatologies. No dominant modes of wind stress curl variability (explaining > 20%
of the variance) are found in this region. Meridional wind stress and wind stress curl
variability in the western subtropical Atlantic is thus mostly the result of `local' modes of
variability, unrelated to wider North Atlantic atmospheric patterns. Downstream of theAppendix A. Gulf Stream Variability and Winds 249
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Figure A.11: As for Figure A.10 except wind stress timeseries at each grid point are
not normalised by their standard deviation prior to EOF calculation.
Florida Straits it is wind stress curl and the interaction of meridional wind stress with
zonal topographic gradients and the North American coastline that might be expected
to produce a transport response in the Florida Straits (Anderson and Corry, 1985a) and
this may explain why no cross-covariance is seen between the Florida Straits transport
timeseries and NAO index at 60-720 day period (Figure A.14). Some cross covariance
has been seen at interannual periods (following Baringer and Larsen, 2001), though it
is not clear how robust this relationship is through time (Beal et al., 2008).
A.6 Conclusion
This Appendix summarises an investigation into possible relationships between Florida
Current transport variability and North Atlantic wind stress variability at periods of250 Appendix A. Gulf Stream Variability and Winds
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Figure A.12: As for Figure A.10 except for zonal wind stress.
60-720 days. This approach seems reasonable as at annual and sub-annual timescales,
several links have been made between the Florida Current and both local and remote
wind forcing (e.g. Schott and Zantopp, 1985; Leaman et al., 1987; Schott et al., 1988; Lee
and Williams, 1988; Mayer and Weisberg, 1993) in general agreement with model results
(e.g. Anderson and Corry, 1985b; Rosenfeld et al., 1989; Greatbatch and Goulding, 1989;
Boning et al., 1991; Fanning et al., 1994; Greatbatch et al., 1995). Despite this possibility,
no coherence is found between Florida Straits transport variability and wind stress
variability using three modern climatologies (NCEP-NCAR, NOC v1.1 and QuikSCAT)
and utilising a variety of approaches. Whilst other lines of enquiry could be imagined,
further investigation is not pursued here as the absence of any obvious relationships is felt
to be suciently demonstrated. If any relationship does exist between the surface wind
eld and Florida Straits transport variability at 60-720 day periods it is almost certainlyAppendix A. Gulf Stream Variability and Winds 251
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Figure A.13: As for Figure A.12 except for wind stress curl.
more complex than a simple linear relationship with a few particular regions and will
require a more sophisticated approach to explore it, e.g. using an ocean model to isolate
wind variability in dierent regions, as attempted at annual periods by Anderson and
Corry (1985b). At multiannual periods, DiNezio et al. (2009) used a lagged regression
analysis to analyse the adjustment of Florida Straits transport to coastal wind stress
forcing `integrated' over the western continental slope of the North Atlantic but found
little coherence. For now, no relationship between Florida Straits transport variability
and North Atlantic wind stress is evident at 60-720 day periods. Chapter 2 builds on
this conclusion and uses a 1/4 eddy-permitting ocean model to suggest that internal
ocean variability may instead play an important role in Florida Current variability at
these timescales.252 Appendix A. Gulf Stream Variability and Winds
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Figure A.14: Normalised cross-covariance between the monthly Florida Current ca-
ble transport (blue) and NAO index (red) for the period 1982-1997 at lags up to 48
months (negative lag indicates NAO is leading). Left column, Florida Current and NAO
timeseries are low-pass ltered at 24-month period, `raw' timeseries are also shown (for
comparison, NAO index has been doubled and 20 added). Right column, Florida Cur-
rent and NAO timeseries are high pass ltered at 24-month period (for comparison,
NAO index has been doubled and 10 subtracted).Appendix B
An EOF Analysis of Ekman and
Sverdrup Transport Variability at
26N
B.1 Introduction and methods
An EOF (Empirical Orthogonal Function) analysis of Ekman and Sverdrup transports at
26N is conducted to assess the structure and main modes of variability across the basin.
This was done using the NCEP-NCAR climatology (1980-2007) for monthly transport
timeseries, along with high and low-pass ltered variations (using 12 and 36 month cut-o
periods, note that one lter length was removed from either end of each ltered time-
series). In all cases, transport timeseries at each grid point across 26N are linearly de-
trended and have the mean seasonal cycle removed. If timeseries are normalised by their
standard deviation prior to EOF calculation (to remove any bias towards regions of high
variability, not shown), EOF results are not signicantly changed as wind stress vari-
ability is nearly longitudinally constant in the sub-tropics (Figure A.8). Following EOF
calculation, global NCEP sea level pressure is regressed onto the principal component of
each EOF pattern to reveal the wider patterns of variability associated with each EOF.
Each principal component is also correlated with indices of the major modes of Northern
Hemisphere atmospheric variability distributed by NOAA's Climate Prediction Center
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(http://www.cpc.ncep.noaa.gov/data/teledoc/telecontents.shtml), to help dis-
cern the origin of any EOF of interest. As for the NAO index described in Chapter
2, these indices are calculated based on a rotated principal component analysis which
isolates the primary teleconnection patterns for all months1. This approach reveals ten
dominant Northern Hemisphere teleconnection patterns, of which eight to nine appear in
each of the twelve calendar months. These are referred to as the North Atlantic Oscilla-
tion, the Pacic/North American teleconnection pattern, the East Atlantic pattern, the
West Pacic pattern, the East Pacic-North Pacic pattern, the East Atlantic/Western
Russian pattern, the Tropical/Northern Hemisphere pattern, the Polar-Eurasian pat-
tern, the Scandinavia pattern and the Pacic Transition pattern. El Ni~ no-Southern
Oscillation variability is also included here through use of monthly Southern Oscillation
and NINO3 indices also distributed by NOAA's Climate Prediction Center (calculated
separately based on Pacic sea level pressure and sea surface temperature variability
respectively). Throughout this Appendix, `EOF' refers to the spatial patterns across
26N that result from doing an EOF analysis, whilst `PC' (or `principal component')
refers to the corresponding `temporal' patterns (or timeseries).
B.2 Ekman transports
Figure B.1 shows EOFs 1-4 for monthly Ekman transports across 26N for the period
1980-2007. The rst mode (accounting for 63% of the variance) shows transport anoma-
lies in phase across the full basin width with largest anomalies observed from  35-45W.
SLP patterns associated with this mode of variability (Figure B.2) are reminiscent of the
NAO (though the Azores centre of activity is shunted somewhat southwest), with highest
regression coecients between PC1 and SLP observed close to the Azores and Iceland
and of opposing polarity. Monthly variance of PC1 (not shown) is also signicantly en-
hanced in the Winter months (relative to PC2-4), consistent with the NAO being most
active over boreal Winter. Despite this obvious relationship of EOF1 with the NAO,
correlation between PC1 and the NAO index is moderate ( 0.6), similar to correlations
between the NAO index and monthly Ekman transports themselves. This suggests that
NAO driven variability is not the only source of EOF1 transport variability across 26N.
1When this work was carried out, the rotated principal component analysis technique was applied
to monthly mean standardised 500-mb height anomalies in the analysis region 20
N-90
N between
January 1950 and December 2000. Monthly teleconnection indices are now standardised by the 1981-
2010 climatology rather than the 1950-2000 climatology.Appendix B. EOFs at 26N 255
The NAO loading pattern (Figure B.7) projects closely on the mean climatological SLP
centres of activity and it seems that uctuations of the Azores high, independent of
the NAO, also explain a large portion of Ekman transport variability. PC1 does show
signicant but weaker correlation with other major modes of atmospheric variability, no-
tably the East Atlantic Pattern, which is the second prominent mode of low frequency
SLP variability over the North Atlantic (Marshall et al., 2001) and structurally similar
to the NAO. EOF2 (Figure B.1), accounting for 20% of the variance, shows transport
anomalies out of phase across the eastern and western sections of the Atlantic at 26N
(and therefore little associated net section transport) with comparable magnitude to
anomalies seen for EOF1. Associated with this mode of variability are SLP centres of
opposing polarity in the west and east mid-latitude Atlantic, and a third centre over
North Western Europe. PC2 is not clearly related to any major mode of atmospheric
variability (Figure B.3). Interestingly, at sub-monthly time periods of variability (using
daily NCEP Ekman transports), patterns similar to EOF1 and EOF2 also explain 
50% of total variance (not shown).
For interannual and multi-annual Ekman transport variability (low-pass ltered), EOF1
and EOF2 (not shown) are broadly similar in longitudinal structure to the patterns
described above, though at multi-annual periods EOF1 does not project as strongly in
the east Atlantic. In the case of EOF1, slightly less variance is explained at interan-
nual (56%) and multi-annual (59%) timescales by the rst mode than for the unltered
monthly Ekman transport timeseries and the magnitude of associated transport anoma-
lies is smaller. EOF1 for interannual and multi-annual Ekman transport variability also
show a relationship to an NAO like SLP pattern and the greater variance explained by
EOF1 at multi-annual than interannual timescales is consistent with a drop in NAO
power at 400-1000 day periods (Figure 3.14). Correlations of low-pass PC1's with the
NAO index show only moderate correlation with NAO index ( 0.4) suggesting that,
similar to monthly Ekman transport variability, other atmospheric modes that project
closely onto EOF1 are important too. PC1 for multi-annual variability (not shown)
closely resembles multi-annual Ekman transport variability integrated across 26N (Fig-
ure 3.13) which clearly contains non-NAO driven features in its timeseries. This EOF
analysis is consistent with Figure 3.19 which shows that in phase Ekman transport vari-
ability across the central and eastern Atlantic (in part related to the NAO) is responsible
for most of the zonally integrated multi-annual Ekman transport variability.256 Appendix B. EOFs at 26N
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Figure B.1: EOFs 1-4 (top) for monthly NCEP Ekman transport variability across
26N, and their principal component timeseries (bottom). Percents gives the variance
explained by each EOF mode. Note that EOF patterns have been multiplied by the
standard deviation of their principal component timeseries such that the relative mag-
nitudes of variability are more easily compared. The principal component timeseries
are normalised by their standard deviations (and spaced in increments of 4 for clarity).
B.3 Sverdrup transports
Figure B.4 shows EOFs 1-4 for monthly Sverdrup transports across 26N for the period
1980-2007. EOF1 (explaining 28% of variance) comprises in phase transport anomalies
across the full basin width, though of greater magnitude in the west and particularly
centre of the section. This seems related to a `tripolar' SLP pattern in the North Atlantic
(Figure B.5). PC1 of this pattern shows only weak correlation to the NAO ( 0.25).
EOF2 (explaining 18% of variance) comprises anti-phased transport anomalies in the
western and central Atlantic of similar magnitude to EOF1 but with little associatedAppendix B. EOFs at 26N 257
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Figure B.2: Regression maps of NCEP monthly SLP elds on the principal component
timeseries of Figure B.1. The 26N Atlantic section is highlighted as a black line.
net section transport. This appears related to a local SLP dipole along 26N (Figure B.5)
Correlation of PCs 1-4 with indices of the major modes of North Atlantic atmospheric
variability reveal that EOF1 also shows weak but signicant correlation with the East
Atlantic Pattern (as for Ekman transports) and also the Southern Oscillation (though
this is marginal).
For interannual and multi-annual Sverdrup transport variability (low-pass ltered), a
greater proportion of variance is explained by EOF1 (30% and 43% respectively) than
for the unltered monthly transports, and in both cases is associated with large trans-
port anomalies in the western-central Atlantic. A further 22% and 24% respectively is
explained by EOF2 therefore at interannual and longer periods, larger scale modes of
wind stress curl variability are observed. EOF1 in both cases is associated with uctu-
ations of local SLP in the western-central subtropical Atlantic, similar to Figure B.5,
though stronger regressions are observed. Correlation of PC1s with the NAO index
shows reasonable correlation ( 0.5-0.6) and therefore similar to Ekman transports at
26N, a dominantly NAO driven mode of variability does not entirely explain EOF1.258 Appendix B. EOFs at 26N
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Figure B.3: Correlations of the major modes of Northern Hemisphere atmospheric
variability (distributed by NOAA, see Section B.1) with the principal component time-
series of Figure B.1. Error bars denote 99% condence limits.
B.4 Discussion
An interesting result that emerges from this analysis is that EOF1 for both Ekman and
Sverdrup transports shows signicant correlation with the NAO but with dierences in
their associated SLP patterns (Figures B.2 and B.5). It may be expected that the same
SLP should emerge, representative of an NAO loading pattern which is typically envis-
aged as consisting of pressure centres of opposite-polarity centred over the Iceland Sea
and the Azores. Whilst EOF1 for Ekman transport shows such a dipolar structure (Fig-
ure B.2), EOF1 for Sverdrup transport suggests the NAO is associated with a `tripolar'
structure (Figures B.5), where subsidiary poles of opposite-polarity are situated north
and south of a large monopole west of the UK (though the southern subsidiary pole
centred near 26N is weaker than that centred over the Nordic Seas). Cyclonic circula-
tion about the southern pole during high NAO state explains why northward Sverdrup
transports are seen at 26N for a positive NAO index, despite the expectation that this
should `spin-down' the subpolar and subtropical gyres (e.g. Eden and Willebrand, 2001).Appendix B. EOFs at 26N 259
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Figure B.4: As for Figure B.1 but for Sverdrup transports.
A similar result was seen by Hakkinen et al. (2011) when conducting an EOF analysis of
NCEP wind stress curl over the northern Atlantic. They nd that the rst two EOFs of
wind stress curl are associated with the NAO, the rst has a centre of activity west of the
British Isles (which shows strongest correlation with the NAO index) whilst the second
has dipolar pressure centres similar to the `typical' NAO loading pattern and climato-
logical wind stress curl. It is this rst EOF that seems to project most strongly on wind
stress curl variability (and Sverdrup transport variability) at 26N. An explanation for
this is not given by Hakkinen et al. (2011), though it is partly alluded to by Eden and
Willebrand (2001), who note the subtle dierence between the NAO and the climatolog-
ical mean SLP patterns, the former being shifted northward by  10 of latitude relative
to the latter, which is centred closer to 30N. This analysis suggests a tendency of the
`Azores' pressure centre to occupy latitudes between 40-50N, with Sverdrup transports260 Appendix B. EOFs at 26N
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Figure B.5: As for Figure B.2 but for Sverdrup transports.
responding to the emergence of a third pressure centre close to 26N when the `Azores'
pressure centre moves north (away from the Azores), and Ekman transports responding
more strongly to the `Azores' pressure centre the further south it moves. The position of
the `Azores' pressure centre may be a question of timescale as Ekman transports show
strongest correlation to the NAO index at sub-annual periods. It is nally noted that
these diering NAO states may be related to the seasonality of the NAO pattern. Figure
B.7 shows the loading patterns for January, April, July and October. Whilst the Jan-
uary structure is reminiscent of the `typical' NAO loading pattern (principally because
the NAO is strongest in Winter), Spring and Summer loading patterns show evidence
of the tripole structure seen in EOF1 of Figure B.5 for Sverdrup transport variability.
The NAO index used in this study (that isolates the primary teleconnection patterns of
the NAO using year-round data, Section 2.2) seems advantageous in this respect to that
of Hurrell (1995) which uses normalised SLP dierences at xed locations.Appendix B. EOFs at 26N 261
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Figure B.6: As for Figure B.3 but for Sverdrup transports.
B.5 Summary
An EOF analysis of Ekman and Sverdrup transport variability across 26N using the
monthly NCEP climatology (1980-2007) was conducted. For Ekman transport this re-
veals that a similar section-wide mode of variability accounts for 60% of both sub-
annual and interannual Ekman transport variability at 26N. Only moderate correlation
with the NAO index suggests this is in part attributable to SLP variability close to the
Azores that is unrelated to the NAO. No obvious relationship with other major modes
of Northern Hemisphere atmospheric circulation is seen in the Ekman transport signal
at 26N. For Sverdrup transports, EOF analysis reveals no dominant modes of transport
variability exist comparable to Ekman transports. EOFs 1 and 2 have basin-scale struc-
ture but account for < 50% of variance. At interannual and longer timescales, EOF1
reveals variability that is somewhat concentrated in the central and western Atlantic
which in part is related to the NAO. Sub-decadal variability of Sverdrup transports
(wind stress curl) is less spatially coherent in the sub-tropical Atlantic (i.e. more lo-
calised longitudinally and latitudinally) than for Ekman transports (zonal wind stress).262 Appendix B. EOFs at 26N
Figure B.7: Loading patterns of the North Atlantic Oscillation for January, April,
July and October from http://www.cpc.noaa.gov/data/teledoc/nao_map.shtml.
The plotted value at each grid point represents the temporal correlation between the
monthly standardised height anomalies at that point and the teleconnection pattern
timeseries valid for the specied month.Appendix C
Additional Material for Chapters
4 and 5
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Figure C.1: Zonally averaged (across all mid-ocean prole data) upper ocean potential
temperature proles for each of the 6 hydrographic sections. Diering surface ocean
proles are evident for Summer (1957, 1981, 1992) and Winter (1998, 2004, 2010)
sections. Dotted lines show dierent temperatures chosen to denote the boundary
between the surface ocean and main thermocline in Chapter 4. This historically was
dened as 24.5C but redened here as 22.5C.Appendix C. Hydrography: Additional Material 265
1957 1981 1992 1998 2004 2010
Surface
Ekman 4.5 3.7 4.6 5.2 4.5 3.7
Florida Straits 11.4 11.4 11.1 12.5 11.7 11.6
Mid-Ocean -5.4 -4.4 -3.2 -5.3 -0.5 -3.30
Total 10.5 10.7 12.5 12.4 15.7 12.0
Thermocline
Florida Straits 14.9 14.9 14.6 16.2 15.2 15.1
Mid-Ocean -11.8 -14.0 -13.0 -16.7 -22.5 -14.4
Total 3.1 0.9 1.6 -0.5 -7.3 0.7
Lower Thermocline
Florida Straits 2.8 2.8 2.6 3.2 2.9 2.8
Mid-Ocean -0.1 -0.4 -1.3 -1.1 -1.0 -0.7
Total 2.7 2.4 1.3 2.1 1.9 2.1
Upper Layer Total 16.3 14.0 15.4 14.0 10.4 14.8
Table C.1: Northward transport (Sv) in potential temperature classes in the upper
ocean for the six hydrographic sections. This is identical to Table 4.6 except that the
boundary between the surface ocean and thermocline has been set at 22.5C. All Ekman
transport occurs in the surface layer by denition.
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Figure C.2: Mid-Ocean transport for the six hydrographic sections. This is identical
to Figure 4.14 except that the boundary between the surface ocean and thermocline
has been set at 22.5C.266 Appendix C. Hydrography: Additional Material
1957 1981 1992 1998 2004 2010 Mean
Surface -1.085 -1.081 -0.736 9.586 1.795 4.316 2.132
Thermocline -0.443 -0.470 -0.460 -0.682 -0.659 -0.622 -0.556
Lower Therm. -0.008 -0.030 -0.116 -0.088 -0.084 -0.053 -0.063
Intermediate 0.086 0.050 -0.003 -0.018 0.045 0.010 0.028
SLSW -0.088 -0.088 -0.059 -0.114 -0.090 -0.144 -0.097
LSW -0.173 -0.109 -0.146 -0.164 -0.185 -0.234 -0.169
NAIW/ISOW -0.138 -0.080 -0.099 -0.082 -0.058 -0.093 -0.092
DSOW -0.140 -0.118 -0.101 -0.065 -0.057 -0.040 -0.087
AABW 0.172 0.205 0.062 0.066 0.090 0.022 0.103
Table C.2: Mean mid-ocean velocity (cms 1) for the potential temperature classes
given in Table 4.3 for the 6 hydrographic sections. This forms part of the decomposition
described in Section 4.3.2.3. The nal column gives the mean across the 6 sections.
1957 1981 1992 1998 2004 2010 Mean
Surface 69 61 59 62 36 77 61
Thermocline 501 523 515 582 573 565 543
Lower Therm. 178 195 195 202 190 194 192
Intermediate 602 645 650 670 667 690 654
SLSW 382 393 385 388 376 390 386
LSW 502 487 478 492 502 498 493
NAIW/ISOW 753 734 725 724 722 738 733
DSOW 1709 1896 1743 1654 1825 1567 1732
AABW 766 735 822 1076 733 1143 879
Table C.3: As for Table C.2 except for vertical thickness (m).
1957 1981 1992 1998 2004 2010 Mean
Surface 5342 4523 4534 575 1906 1443 3054
Thermocline 5979 6272 6020 6397 6400 6408 6246
Lower Therm. 5957 6264 5967 6386 6388 6397 6226
Intermediate 5957 6252 5923 6371 6370 6382 6209
SLSW 5912 6177 5901 6305 6304 6315 6152
LSW 5844 6177 5901 6305 6304 6315 6141
NAIW/ISOW 5844 6115 5775 6243 6239 6245 6077
DSOW 5293 6044 5574 6056 6057 6184 5868
AABW 2753 2445 2686 2804 2738 4081 2918
Table C.4: As for Table C.2 except for width (km).Appendix C. Hydrography: Additional Material 267
1957 1981 1992 1998 2004 2010 Mean
Surface 369 275 267 35 69 111 188
Thermocline 2992 3279 3101 3724 3669 3617 3397
Lower Therm. 1060 1224 1161 1292 1216 1242 1199
Intermediate 3585 4029 3850 4268 4248 4402 4064
SLSW 2259 2426 2271 2447 2371 2465 2373
LSW 2932 3010 2818 3099 3162 3146 3028
NAIW/ISOW 4401 4491 4189 4519 4506 4611 4453
DSOW 9046 11459 9715 10016 11054 9691 10164
AABW 2110 1796 2209 3018 2008 4664 2634
Table C.5: As for Table C.2 except for area (km2).
1957 1981 1992 1998 2004 2010 Mean
Surface 36.847 37.033 36.983 36.726 36.925 36.738 36.875
Thermocline 36.339 36.377 36.418 36.480 36.451 36.474 36.423
Lower Therm. 35.498 35.512 35.502 35.506 35.497 35.498 35.502
Intermediate 35.128 35.139 35.137 35.152 35.150 35.140 35.141
SLSW 35.070 35.070 35.071 35.074 35.071 35.066 35.070
LSW 35.018 35.016 35.015 35.013 35.010 35.010 35.013
NAIW/ISOW 34.965 34.961 34.960 34.960 34.959 34.958 34.961
DSOW 34.912 34.904 34.905 34.904 34.902 34.904 34.905
AABW 34.870 34.855 34.860 34.862 34.856 34.868 34.862
Table C.6: As for Table C.2 except for salinity.
1957 1981 1992 1998 2004 2010
Surface -151 -151 -135 350 -16 102
Thermocline -20 -15 -17 23 18 12
Lower Therm. -88 -53 84 39 34 -17
Intermediate 204 78 -109 -164 58 -66
SLSW -9 -10 -40 17 -7 49
LSW 3 -35 -13 -3 10 39
NAIW/ISOW 50 -13 9 -10 -37 1
DSOW 61 36 16 -25 -34 -54
AABW 67 99 -40 -36 -13 -78
Table C.7: Velocity anomalies as a percentage of the mean for the 6 hydrographic
sections.268 Appendix C. Hydrography: Additional Material
1957 1981 1992 1998 2004 2010
Surface 49 32 30 -431 -172 -70
Thermocline -14 -4 -10 9 7 6
Lower Therm. -13 2 -3 7 1 3
Intermediate -13 -1 -6 5 4 8
SLSW -5 2 -4 3 0 4
LSW -3 -1 -7 2 4 4
NAIW/ISOW -1 1 -6 1 1 3
DSOW -12 11 -5 -1 8 -5
AABW -25 -47 -19 13 -31 44
Table C.8: As for Table C.7 except for area.
1957 1981 1992 1998 2004 2010
Surface 14 1 -3 2 -40 27
Thermocline -8 -4 -5 7 6 4
Lower Therm. -8 2 1 5 -1 1
Intermediate -8 -1 -1 2 2 5
SLSW -1 2 0 1 -3 1
LSW 2 -1 -3 0 2 1
NAIW/ISOW 3 0 -1 -1 -1 1
DSOW -1 9 1 -5 5 -10
AABW -13 -16 -6 22 -17 30
Table C.9: As for Table C.7 except for vertical thickness.
1957 1981 1992 1998 2004 2010
Surface 75 48 48 -81 -38 -53
Thermocline -4 0 -4 2 2 3
Lower Therm. -4 1 -4 3 3 3
Intermediate -4 1 -5 3 3 3
SLSW -4 0 -4 2 2 3
LSW -5 1 -4 3 3 3
NAIW/ISOW -4 1 -5 3 3 3
DSOW -10 3 -5 3 3 5
AABW -6 -16 -8 -4 -6 40
Table C.10: As for Table C.7 except for width.Appendix C. Hydrography: Additional Material 269
1957 1981 1992 1998 2004 2010 Mean
Velocity (cms 1)
Surface -0.958 -0.862 -0.599 -0.990 -0.099 -0.525 -0.672
Thermocline -0.422 -0.460 -0.459 -0.518 -0.685 -0.466 -0.502
Thickness (m)
Surface 98 89 91 110 110 118 103
Thermocline 467 485 471 504 512 484 487
Width (km)
Surface 5844 5731 5864 4874 4205 5330 5308
Thermocline 5979 6272 6020 6397 6400 6408 6246
Area (km2)
Surface 571 510 532 537 461 628 540
Thermocline 2790 3044 2835 3222 3278 3100 3045
Salinity
Surface 36.864 37.080 37.058 37.148 37.084 37.128 37.060
Thermocline 36.299 36.318 36.351 36.371 36.372 36.351 36.344
Table C.11: As for Table C.2 but showing only the surface and thermocline layers.
Here the boundary between the surface ocean and thermocline has been set at 22.5C
(instead of 24.5C, used in Table C.2). Velocity, vertical thickness, width, area and
salinity are given.
1957 1981 1992 1998 2004 2010
Velocity %
Surface 43 28 -11 47 -85 -22
Thermocline -16 -8 -8 3 37 -7
Thickness %
Surface -5 -13 -11 7 7 15
Thermocline -4 0 -3 3 5 -1
Width %
Surface 10 8 10 -8 -21 0
Thermocline -4 0 -4 2 2 3
Area %
Surface 5 -6 -1 -1 -17 14
Thermocline -9 0 -7 6 7 2
Table C.12: As for Table C.7 but showing only the surface and thermocline layers.
Here the boundary between the surface ocean and thermocline has been set at 22.5C
(instead of 24.5C, used in Table C.7). Velocity, vertical thickness, width and area
anomalies as a percentage of the mean are given.270 Appendix C. Hydrography: Additional Material
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C.2.1 Temperature and salinity changes at 24N over the region 70W-
23W
Chapter 5 investigates temperature and salinity changes at 24N in six hydrographic
sections (1957, 1981, 1992, 1998, 2004 and 2010) with a focus on the DWBC and its
recirculation gyre. This region is given particular attention as the greatest water mass
changes in the deep ocean are observed here (Figure C.3). For completion, this section
briey considers temperature and salinity prole changes averaged over the central basin
(70W-23W). These are shown in Figure C.4.
Upper ocean potential temperature and salinity changes are consistent with the results
of Velez-Belchi et al. (2010) who analysed changes in the 1957-2004 hydrographic section
data over the same region. The upper ocean is not the focus of this study and is not
investigated in detail here, however it is noted that the cooling/warming and freshen-
ing trend observed in the thermocline/intermediate waters between the 2004 and 2010
sections is in agreement with the trend observed by Velez-Belchi et al. (2010) using the
2004 section data and a `synthetic' ARGO section in 2006. In the upper ocean (above
2000 metres), the 1998 section therefore remains the warmest and saltiest on record
at 24N (see also Tables C.13, C.14, C.15 and C.16). This result seems to agree with
analyses attributing multi-decadal temperature and salinity changes in the sub-tropical
upper ocean to a combination of anthropogenic and natural forcings, particularly the
NAO (Curry et al., 2003; Stott et al., 2008; Lozier et al., 2010). The NAO reached a
multi-decadal high in the mid-1990s, returning to a more moderate state in the 2000's,
for which an associated decrease in surface evaporation (due to decreased wind speeds)
and reduced ventilation of thermocline waters would be expected (in the central basin,
the 17C isotherm reaches its deepest average depth at 24N in 1998 in the six sections,
Figure 4.12). Warming at intermediate depths has also been attributed to volumetric
changes in deep water (Arbic and Owens, 2001). A similar upper ocean trend is not
observed averaged over the region 77W-70W (Figure 5.3) where local isopycnal heave
obscures water mass changes (see Chapter 5).
Averaging over 70W-23W in the deep ocean (Figure C.4), in 2010 the UNADW reached
its warmest values across all six sections whilst the LNADW returned to warmer 1981
values. In 2010, salinity in the deep ocean returned to saltier 1998 values except in
the deeper LNADW (below 3700 metres) where it reached its freshest value across all272 Appendix C. Hydrography: Additional Material
six sections. In the deep ocean it therefore appears that on depth surfaces, the nature
of water mass changes across much of the section somewhat dier to the cooling and
freshening observed in the DWBC and its recirculation gyre (Chapter 5) though such
dierences could also be related to diering isopycnal heave processes. Diering warming
trends in the west (west of 60W) and in the east of the section were also found by Parrilla
et al. (1994) when comparing the 1981 and 1992 hydrographic data. This is surprising
as the cooling and freshening trends seen in the DWBC at 24N are broadly expected
to continue spreading through the rest of the section, as observed on isopycnal surfaces
(Figure 5.1). Although this spread is observed in the 1957-2004 data in the LNADW,
in the UNADW this is not obvious and it seems that warm and salty conditions on
isopycnals in the 1957 and 1981 sections are the result of a colder, saltier and denser
UNADW water in these years. Likewise, cold and fresh conditions on isopycnals in the
2010 section appear the result of a warming at depth. The circulation of waters in the
deep ocean at 24N is thus more complex than a general recirculation of DWBC waters
over time. It is noted that in the 2010 section, oxygen levels across much of the central
and eastern basin at 24N are much lower than in earlier sections (Figure 4.3) suggesting
the observed changes may be attributable to a recirculation of older, warmer and saltier
waters back into the section.Appendix C. Hydrography: Additional Material 273
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Figure C.4: Potential temperature (left) and salinity change (right) on depth surfaces
for six hydrographic sections averaged over the region 70W-23W. Changes are shown
relative to 2010 (thus for example, if salinity change is positive then a section was saltier
at that depth than in 2010). Note the change of x-axis scale between upper and lower
plots.
1981 1992 1998 2004 2010
Upper Ocean
(600-1800m)
0.16 0.18 0.23 0.11 0.14
Thermocline Waters
(300-800m)
0.26 -0.07 0.22 0.18 -0.03
Intermediate Waters
(800-1800m)
0.12 0.21 0.23 0.11 0.18
Table C.13: Mean potential temperature dierences (C) for the six hydrographic
sections between 70-23W with respect to the 1957 hydrographic section. Water mass
divisions are based on those of Velez-Belchi et al. (2010).274 Appendix C. Hydrography: Additional Material
1981 1992 1998 2004 2010
Upper Ocean
(600-1800m)
0.003 0.013 0.014 0.004 -0.007
Thermocline Waters
(300-800m)
0.041 -0.004 0.043 0.029 0.002
Intermediate Waters
(800-1800m)
-0.004 0.015 0.012 0.004 -0.005
Table C.14: As for C.13 except for salinity
1957 1981 1992 1998 2004 2010 Mean
Upper Ocean
(600-1800m)
6.29 6.45 6.48 6.53 6.41 6.44 6.43
Thermocline Waters
(300-800m)
13.08 13.34 13.01 13.30 13.26 13.05 13.17
Intermediate Waters
(800-1800m)
5.46 5.58 5.67 5.69 5.57 5.64 5.60
Table C.15: Mean potential temperature (C) for each of the six hydrographic sections
between 70-23W, the mean for all six sections is also given. Water mass divisions are
based on those of Velez-Belchi et al. (2010).
1957 1981 1992 1998 2004 2010 Mean
Upper Ocean
(600-1800m)
35.147 35.150 35.160 35.161 35.150 35.140 35.151
Thermocline Waters
(300-800m)
35.789 35.830 35.785 35.832 35.817 35.790 35.807
Intermediate Waters
(800-1800m)
35.087 35.083 35.101 35.098 35.090 35.082 35.090
Table C.16: As for C.15 except for salinityBibliography
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